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Resumen 
La influencia del entorno físico de una célula o bacteria en su respuesta 
biológica se ha convertido en uno de los campos de investigación con mayor 
interés por su potencial aplicación en diferentes campos de la medicina 
regenerativa. El estudio de la influencia de la superficie en la respuesta celular 
requiere un preciso control y manipulación del entorno extracelular. 
El desarrollo de nuevas técnicas de nanofabricación ha proporcionado nuevas 
herramientas con las que controlar y estandarizar de forma precisa el entorno 
celular, permitiendo el estudio cuantitativo de la influencia de los parámetros 
físicos de la matriz extracelular, como por ejemplo la topografía, en las 
funciones celulares. 
En esta tesis, con el objetivo de estudiar la influencia topográfica en la 
respuesta celular y bacteriana, utilizamos la técnica de nanoimpresión. Ésta 
técnica nos permite fabricar superficies poliméricas micro y nanoestructuradas 
a bajo coste, para el estudio sistemático de la influencia de diferentes 
parámetros topográficos en la respuesta celular. Además, esta técnica de 
nanoimpresión se ha utilizado para desarrollar un nuevo proceso de fabricación 
de nanocompuestos nanoestructurados. 
Esta tesis está organizada en 3 capítulos principales. El capítulo 3, en el que se 
presenta un estudio comparativo de la respuesta celular de células madre 
neuronales cultivadas sobre micro y nanopilares poliméricos de alta relación de 
aspecto. En este trabajo se ha estudiado la influencia de estas dos topografías 
en la capacidad proliferación y adhesión así como la morfología y migración 
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celular. Además, se ha utilizado una nueva técnica combinada de microscopía 
electrónica de barrido y litografía de haz de iones focalizados para cuantificar 
las fuerzas de tracción que ejercen las fuerzas sobre los pilares durante su 
migración. Los resultados obtenidos demuestran una clara influencia de la 
topografía en las funciones celulares. Las células cultivadas sobre nanopilares 
demuestran una ligera disminución de su capacidad proliferativa y una 
reducción en el área celular proyectada. Sin embargo, tal y como se observa 
en células cultivadas en una superficie plana la migración sigue siendo 
aleatoria y rápida. 
En el caso de las células cultivadas sobre micropilares, la capacidad 
proliferativa también se ve disminuida, y la morfología celular esta 
significativamente afectada, observándose células con una morfología circular y 
una área proyectada muy reducida así como una significativa deformación del 
núcleo. En este caso la migración celular está afectada de forma significativa, 
observándose una migración lenta pero con una alta direccionalidad. La 
cuantificación de las fuerzas de tracción revela un aumento proporcional de 
éstas con la rigidez de los pilares. Observándose mayores fuerzas de tracción 
en las células cultivadas sobre micropilares que sobre nanopilares. En este 
trabajo se demuestra la aplicabilidad de las topografías poliméricas de alta 
relación de aspecto para controlar la respuesta celular mediante las 
propiedades mecánicas de la superficie. 
En el capítulo 4, se presenta la fabricación de una topografía polimérica 
inspirada en el ojo de la polilla y la caracterización de sus propiedades 
bactericidas. Los resultados obtenidos demuestran que esta topografía es 
capaz de reducir la proliferación bacteriana en un 50% tanto de cepas Gram 
9 
positivas como de Gram negativas, mediante la ruptura de la pared bacteriana 
cuando las bacterias se adhieren a esta superficie. Paralelamente, se ha 
estudiado la proliferación de queratinocitos y la influencia en su morfología. Los 
resultados demuestran la idoneidad de esta superficie para el crecimiento de 
queratinocitos. En este capítulo, demostramos la potencial aplicabilidad de 
superficies poliméricas inspiradas en el ojo de la polilla para su uso en la 
fabricación de materiales para aplicación biomédica, como por ejemplo 
implantes médicos. 
En el capítulo 5, se presentan dos nuevos nanocompuestos nanoestructurados 
con alto poder bactericida. Continuando con los resultados del capítulo 4, para 
mejorar las propiedades bactericidas de las superficies poliméricas inspiradas 
en el ojo de la polilla, utilizamos un nuevo proceso de fabricación de 
nanocompuestos basado en la técnica de nanoimpresión, para incluir 
nanopartículas antibacterianas de TiO2 y ZnO dentro de las nanoestructuras. 
Los resultados obtenidos demuestran que la inclusión de nanopartículas en la 
superficie funcional polimérica aumentan el potencial bactericida alcanzando 
valores del 90%, debido a la acción sinérgica de la acción bactericida de la 
topografía y el estrés oxidativo derivado de la presencia de nanopartículas. Sin 
embargo, los resultados demuestran que estas superficies mantienen su 
biocompatibilidad. Estos nanocompuestos nanoestructurados con alto poder 
bactericida aparecen como nuevos materiales para aplicaciones biomédicas y 
también para aplicaciones en el campo de la construcción o envasado.
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Abstract 
The understanding of the cell-environment interaction and the influence of this 
interaction on the cell response have become a subject of intense research due 
to the impact in many areas of regenerative medicine. To fully understand the 
interaction between cells and surfaces, a precise control over the environmental 
parameters that influence the cell response in the extracellular matrix is 
required and this includes the micro and nano topography. With the 
development of nanofabrication technologies, new tools have emerged where 
the control of the cellular surroundings can be standardized and established 
with more precision. These micro and nano tools provide for specific spatial and 
mechanical cues to which cells respond and allow to perform quantitative 
biological investigations of cell responses to ultimately decipher the role of the 
matrix nanotopography as a regulator of cell function and fate. 
To this end, in this thesis, functional micro and nano topographies were 
designed and fabricated on polymeric substrates using nanoimprinting. This 
nanofabrication technique allows fabricating with high reproducibility functional 
topographies for systematic biological studies. The imprinting methodology was 
established and a new process to fabricate nano-engineered nanocomposites 
was developed. The specific studies performed on the polymer imprinted 
surfaces include the response of neural stem cells to high aspect ratio 
nanopillars and the adhesion and viability of bacteria onto the moth-eye mimetic 
topography. 
This thesis is organized in three main chapters. Chapter 3, “Biomechanical 
control by high aspect ratio nanopillars of neural stem cells”, presents a 
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comparative study of the neural stem cell response to high aspect ratio micro 
and nanopillar polymer topography. The response to these topographies in 
terms of cell proliferation, cell morphology, cell adhesion and migration was 
characterized and the cell traction forces measured by a new approach that 
combines scanning electron microscopy and focus ion beam. The results show 
evidences of a strong influence of the topography on neural stem cell behaviour. 
Cells cultured on nanopillared topography exhibited a somewhat reduced 
proliferation and cell spreading compared to the cell seeded on flat surfaces. 
However, the migration speed increased compared to flat surface, while the 
directionality was random. On the other hand, cells cultured on the micropillar 
topography exhibited a reduced proliferation rate, with a significant decrease of 
the cell spreading and large nucleus deformation and a slow but a directional 
persistent migration. The quantification of cells traction forces revealed an 
increase of the force magnitude related as well to the increase of surface 
stiffness. The traction forces displayed by the cells seeded on micropillars were 
accordingly much higher than those observed on nanopillars. Therefore, this 
work demonstrates the suitability of high aspect ratio polymer topographies to 
elicit distinct mechanical forces able to direct discernible basic cellular 
responses. Thus, high aspect ratio micro topographies appear to be effective 
tools to probe cellular and nuclear biomechanics. 
Chapter 4, “Bactericidal and biocompatible moth-eye mimetic polymer 
topography”, presents the fabrication of moth-eye mimetic topography on poly-
methylmethacrylate (PMMA), and the bactericidal attributes of this 
nanotopography against Gram positive and Gram negative bacteria. The results 
show the ability of moth eye mimetic topography to provoke the mechanical 
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rupture of bacteria membrane with an efficacy of 50%. Simultaneously, the 
moth-eye topography is biocompatible and supports the growth and proliferation 
of human keratinocytes. Therefore, the results substantiate the suitability of this 
material for applications as a non-resistance causing bactericidal material for 
biomedical implants. 
 Chapter 5, “Bactericidal biocompatible moth eye mimetic nanopatterned 
nanocomposites”, presents a highly effective bactericidal surfaces based on 
moth-eye nanopatterned nanocomposites fabricated on one-step processing. 
Following the results obtained in Chapter 4, this chapter demonstrates the 
enhanced bactericidal properties of nanostructured nanocomposites due to the 
synergistic effect between the nanotopography and the oxidative action of metal 
oxide nanoparticles reaching bactericidal effectiveness of 90%. Nonetheless, 
the surfaces supported keratinocytes development thus, remained 
biocompatible. The nanopatterned nanocomposites, with high bactericidal 
efficacy would be beneficial in applications in the biomedical field and other 
sectors like food packaging or construction. 
  
 
 
 
 
 
 
 
 
Chapter 1  
Micro and nanotopographies for 
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1. Introduction 
In vivo, cells and bacteria are exposed to a three-dimensional (3D) micro and 
nanostructured environment. In general, cells live attached to a surface and 
many of their biological responses are determined by the chemical and physical 
characteristics of this surface. By now, it is widely recognized that cells respond 
to the biochemical make-up and mechanical properties of the substrate, such as 
stiffness and deformability, and to the micro and nano topographical parameters 
such as geometry and density of the topographical features.[1-4]  
The realization that cells respond to mechanical forces has led to a new area of 
research termed Mechanobiology. This emerging research area includes 
mechanosensing, which refers to the mechanisms that the cell has to sense the 
mechanical properties of their environment and mechanotransduction, which 
refers to the biomolecular mechanisms taking place leading to the cell 
response.[5-7] 
Cells probe the mechanical properties of their environment and subsequently 
transduce this information into a specific molecular response that ultimately 
determines the cell fate. Cells can also alter their motility and metabolic 
functions in response to the mechanics of their surroundings. However, many 
challenges remain to fully understand the relationship between matrix 
mechanics and its role in cell function and regulation.[6] Design of effective 
artificial cell culture conditions to elicit the desired cell responses is a subject of 
intense research in the biomaterial field for application impacting areas of 
regenerative medicine such as prosthetics or tissue engineering as well as 
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fundamental in vitro studies of cell biology and biomechanics with implication on 
a variety of pathological process such as cancer or degenerative diseases.  
An important component to study the cell-environment interaction is to create, 
characterize and manipulate cell microenvironments in vitro. During the last 
years, different micro and nanoengineering tools have been successfully 
applied in biological and biomedical research, generating a rich micro and nano 
toolbox for cell manipulation.[8] The implementation of micro and nanofabrication 
technologies to biological research has opened up the door for the controlled 
manipulation of the biological environment providing a useful technology to 
investigate the cell response to external physical stimuli. These new fabrication 
technologies have allowed to create surfaces with defined physical 
characteristics, including the geometrical arrangement, density, shape or 
dimensional parameters that allow to produce a large range of stimuli and to 
study the response to them by cells.[9, 10] Micro and nanotopographies have 
become indeed very valuable tools for the study and prediction of the cellular 
interaction and response to their micro and nano environments, these include 
cell behaviors such as adhesion, morphology and cytoskeletal organization, 
orientation, migration and proliferation.[11-13]  
Micro and nanofabrication allow to accurate design and reproducibly fabricate 
cellular surroundings making possible systematic studies of the cell response to 
specific physical and mechanical characteristics of substrates.[14] Lately, high-
throughput screening platforms have started to appear that allow to 
characterize the influence on cell response of a large range of varied 
topographical parameters in a high throughput manner.[15] 
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2. Micro and nanotopographies for cell manipulation  
The rationale why cells respond to topographical parameters has been given in 
terms of energy barriers seen by cells on the surfaces they grow. In general, it 
is admitted that cells, using their surface receptors, filopodia or other cell 
appendages, are able to identify physical or chemical discontinuities on the 
surface.[13] These discontinuities can be described as energy barriers that are 
visible to cells through the interrupted continuity of proteins adsorbed on the 
surface and the abnormal presentation of these to cell surface receptors.[16] 
In this situation of discontinuity, cells would tend to minimize interaction with the 
high-energy barriers and modify accordingly their adhesion, spreading, 
migration and orientation. 
Micro and nanofabrication can create physical surface discontinuities with high 
precision and as such topographical features can be employed to modulate 
precisely the response of cells on surfaces.[8, 14, 16, 17] 
2.1. Micro and nanotopographies to control eukaryotic cells response 
Eukaryotic cells development takes place in a three dimensional dynamic 
environment. Therefore, cells sense and respond to the physical and 
mechanical cues of their surroundings and adapt their phenotype. Cells have a 
number of proteins and cellular structures, such as cell membrane or organelles, 
that are capable to sense mechanical properties of their environment, which are 
the so called mechanosensors.[18] Mechanosensors can translate a mechanical 
input into a biochemical output, initiating a mechanoresponsive-signaling 
pathway.[19] Thus, the large number of cellular structures that respond to 
physical or mechanical stimuli such as ion channels, glycocalix, cell-cell 
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junctional receptors or even the nucleus, evidences the importance of 
mechanosensing and mechanotransduction in cell biology. [20, 21] 
Cells in general act in response to the physical and mechanical properties of 
their microenvironment in two different ways: with a physical response (e.g. 
cytoskeleton rearrangement), or with a biochemical response (e.g., activation 
intracellular or extracellular signaling cascades). These complex cellular 
mechanisms lead to the final cellular behaviors observed such as generation of 
traction forces or focal adhesions, cell alignment, morphological changes, 
apoptosis etc.  
Therefore, a large number of efforts in cell mechanics have been directed to 
understand the interactions and decipher the mechanisms between the 
topographical mechanical stimulus and the induced cell response. 
Micro and nanofabrication technologies provide the appropriate tools for this 
purpose because these technologies can produce topographical designs with 
high precision and reproducibility, which allow performing systematic studies of 
different variables at the time.[9]  
The topographical parameters that influence these cell behaviors include: 
feature size and geometry (e.g. post or ridges) isotropy or anisotropy, density 
and interspacing, aspect ratio, and material related stiffness.[22] 
Micro and nanoengineered topographies have enabled the manipulation and 
study of cell behavior in terms of motility,[23] morphology,[24] adhesion,[25] 
migration,[26] differentiation[27] and proliferation.[28]  
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Figure 1. Schematic illustration of the actin cytoskeleton and focal adhesions in a 
migrating cell. Image reproduced with permission from Ref.[29] 
2.1.1. Cell adhesion 
Cell adhesion is the interaction between neighboring cells or with the underlying 
substrate (in vivo, the extracellular matrix), through specialized multi-protein 
adhesive structures. 
Most cell types derived from tissues (except blood cells) need to adhere to other 
cells or to the extracellular matrix (ECM) to survive. Thus, the quality of 
adhesion is critical for their survival, proliferation and differentiation. Adhesion is 
mediated by transmembrane glycoprotein scaffolds, known as focal adhesions 
(FA), which are connected to the cytoskeleton.[30, 31] FA are receptors that act as 
mechanosensors allowing the cell to sense the environment and together with 
the cytoskeleton respond by triggering specific biochemical pathways which will 
determine cellular parameters such as morphology, migration and adhesion.[32]  
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Cell adhesion is one of the most influenced cellular functions by topography. 
The topographical parameters that influence cell adhesion include: feature size, 
geometry, density and interspacing. In this regard, micro and nanotopographies 
have been used to determine the impact of surface physical parameters on cell 
adhesion.[4]  
The micro and nanostructures’ feature size strongly influences cellular adhesion. 
Whereas, in smooth surfaces focal adhesions are randomly established, 
promoting the formation of disorganized connected stress fibers. Micron size 
scale topographies induce an organized arrangement of focal adhesions around 
micropillars, promoting an organized stress fibers formation, which ultimately 
dictates cell morphology (Fig. 2).[33, 34] On the other hand, nanometer size range 
features minimize the contact area between cell an surface and deter the 
formation of mature focal adhesions, decreasing cell spreading.[35, 36] 
 
Figure 2. Fibroblast cytoskeleton (red) and paxilin (green) reorganization when cells 
are cultured on smooth PDMS (A, Scale bar 15 µm) or micropillared PDMS (B, Scale 
bar 5 µm). Image reproduced with permission from Ref. [34] 
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The influence of micro and nanostructures’ density or interspacing on cell 
adhesion is related to the ability of the cells to reach or not the underlying 
substrate. It has been observed that medium and low-density micro or 
nanotopographies can promote cell adhesion while high-density 
nanotopographies can reduce it.[4, 37] Despite density is one of the most 
influencing factors on cell adhesion; nanostructures’ interspacing appears also 
as an important driving factor of cell adhesion. Modifying the distance between 
nanostructures, one can determine if cells remain attached to nanostructures’ 
top or it starts to sink towards the underlying substrate.[38] 
2.1.2. Cell morphology 
Cell morphology is the basic structure and appearance that a cell exhibits. 
Modifying the cell morphology using micro or nanostructured surfaces leads to 
the modification of the cellular internal organization which has a direct influence 
on gene expression and as such can determine cell functions such as cell 
survival, cell signaling and differentiation.[4]  
Cell morphology can be quantified in terms of cell area, aspect ratio, circularity 
and solidity to quantitatively compare the morphological changes. Micro and 
nanostructured surfaces have been useful tools to influence the cell 
morphology.[2, 39, 40] Typically, on nanostructured topographies, cells exhibit a 
rounder aspect with smaller projected area compare to flat substrates (Fig. 
3).[41-43] A pronounce decrease of cell spreading is observed when the height or 
aspect ratio is increased.[4, 41, 43] 
High aspect ratio nanopillars have been used to determine the impact of 
nanotopography on cell morphology. In general, the higher aspect ratio of 
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nanofeatures the smaller the projected cell area.[36] This morphological 
influence is apparently due to the reduced contact area that high aspect ratio 
nanopillared topographies provide, hindering the formation of stable focal 
adhesions and consequently cell spreading.[42, 44-46] 
 
Figure 3. Fibroblasts and endothelial cells cultured on high aspect ratio 
nanotopographies exhibit a reduced cell area. Scale bar 20 m. Image reproduced with 
permission from Ref.[36] 
 
Topography can also be employed to study cell nucleus mechanics. The 
topography derived external forces driving the remodeling of the cell 
architecture can be transmitted through the cytoskeleton to the inner cell 
organelles, including the nucleus.[47] The cell nucleus is much stiffer than the 
cell cytoplasm; nonetheless, it shows viscoelastic properties and 
deformability.[48] Nuclear deformation has been seen during cell migration, or 
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during metastasis when cancer cells suffer severe deformations to invade new 
tissues.[49] Topographical substrates have allowed performing a qualitative 
characterization of nucleus deformability in vitro. Using a micropillared surface, 
it was found the nucleus of tumor cells can be deformed to much larger extent 
than healthy cells, indicating a reduced nuclear stiffness on cancer cells which 
is directly connected with their invasive capacity (Fig 4).[48, 50] 
        
Figure 4. Deformation of cell nuclei cultured on micropillars. The inset shows typical 
nucleus's morphology of cells cultured on flat substrates. Image reproduced with 
permission from Ref.[48] 
 
2.1.3. Cell migration  
Cell migration is the broad term to refer to the cell translation from one location 
to another. Cell migration is an inherent process in cells and it is essential for 
processes such as morphogenesis, wound healing and immune responses. 
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Cell migration occurs in response to many factors and situations, for example 
the need to feed. Either as single cell or group of cells, migration is a sequential 
process in which cell polarization, protrusion and adhesion, translocation and 
retraction of the rear are required to complete a displacement.[51, 52]  
For the investigation of the influence of the physical environment on the cellular 
migration, the application of micro and nanotopographies has been extremely 
useful. Studies have demonstrated that surface topography can regulate the 
velocity and directionality of individual cells.[53] Generally, cells are observed to 
elongate and migrate along a particular direction in anisotropic topographies 
such as channels.[54, 55]  
Nanogratings and nanopillared topographies have been used to study cell 
adhesions and cell migration. By tuning the geometrical parameters of surfaces, 
it has been possible to correlate the size of the cell focal adhesions with cell 
migration.[56] It was found that nanoscale topographies have the capability to 
impair the focal adhesion maturation, turning them into transient adhesions, and 
seemingly increasing cell migration rate. 
Cell migration implies the generation of traction forces exerted over the 
substrate to perform the cell translation. Thus, during cell movement, cell 
polarizes into a front protrusion leading the migration and a rear edge that 
retracts to follow the displacement (Fig 5).[57] Micro and nanotopographies have 
allowed studying the influence of substrate rigidity on cell migration, speed and 
direction. Pillars’ mechanical properties can be tuned independently of the bulk 
materials characteristics by varying their dimensions.[58] Thus, cell culture on 
micro and nanopillared topographies has enabled also the quantification of 
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traction forces through the bending of flexible pillars caused by the cell when it 
moves.[34, 59, 60] Cell traction forces are essential for cell migration, but they are 
also used by cells to control their shape and maintain cellular homeostasis.[61, 62]  
 
Figure 5. Cell polarization during migration. The bending of and the flexible pillars 
during the cell migration allows the quantification of cell traction forces effected by cells 
on the underlying substrate.  
 
2.1.4. Cell differentiation 
Stem cells are undifferentiated cells that own a great ability to proliferate and 
the potential to differentiate into different cell types.[63]  
In physiological conditions, stem cell differentiation is controlled by the 
surrounding three dimensional environment, also known as stem cell niche, 
including biochemical and biomechanical signaling.  
Traditionally, in vitro cell differentiation studies are based on the action of 
soluble factors but mechanical influence of cell environment on stem cell 
differentiation is still not well understood.[64-68]  
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There are evidences that the mechanical stimulus exerted by specific 
topographies have an influence on mesenchymal stem cells (MSC) 
differentiation.[16, 22, 69-71] And there are a few other works describing the effect of 
topography on cell lineage differentiation towards neurons[27] or endoderm 
cells.[68] 
Due to the high potential of stem cells to proliferate, self-maintain and 
differentiate, the investigation of the influence of topographies on stem cell fate 
has been focused on these aspects.[69, 70] 
Ultra high aspect ratio polymer nanopillars have been used to successfully 
direct human embryonic stem cells differentiation towards endoderm cells.[68] 
Besides, low aspect ratio polymer nanopits have been used to address the 
differentiation of mesenchymal stem cells. Dalby and coworkers studied the 
influence of ordered and disordered pillared geometries on MSC 
differentiation.[69] They concluded that highly ordered topographies have a 
negligible effect on cell adhesion and differentiation, while disordered 
topographies promote MSC differentiation towards osteocytes.  
Therefore, due to the high potential of micro and nanotopographies to control or 
manipulate the behavior of stem cells, micro and nanopatterned substrates 
have emerged as a promising alternative to develop smart materials for 
regenerative medicine, tissue engineering, or for biological in vitro studies of 
mechanical influence on a wide variety of pathological process. 
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2.2. Micro and nanotopographies to modulate the bacterial response 
Like eukaryotic cells, bacterial function is also influenced by surface topography. 
Bacteria have a natural tendency to adhere as nutrients tend to accumulate on 
surfaces in liquid environments.[72-74] 
Consequently, bacteria have evolved the means to sense and adapt to their 
environment by chemical and physical sensing mechanisms. For instance, 
attached bacteria usually produce large amounts of extracellular-polymeric-
substances (EPS), allowing them to create a matrix-protected biofilm providing 
a better growth environment.[75, 76]  
Bacteria respond to their environment through changes in tension of the cell 
membrane upon bacteria-surface attachment. The established bacteria-surface 
interaction generates a mechanical stress yielding membrane deformation (Fig. 
6A).[77-79] Mechanosensitive channels (MC), which are sensitive to membrane 
tension, are opened in response to this membrane deformation (Fig. 6B). MCs 
translate the mechanical stimuli into a biological response triggering the 
modification of gene expression to adapt bacteria from planktonic phenotype to 
surface-adhering phenotype.[76, 80, 81] 
Stress sensitive (SS) proteins present on bacterial membrane mediate an 
alternative mechanism. SS proteins sense and response to a variety of signals 
described as membrane perturbations, such as periplasmic protein misfolding. 
When SS proteins are activated, they trigger a phosphorylation cascade that 
activates regulatory proteins that bind bacterial DNA and modify gene 
expression to adapt their phenotype to the new environment (Fig. 6C).[76, 81, 82]  
Micro and nanotopographies for cell and bacteria manipulation 
 
30 
Therefore, either by external forces acting on bacterial wall or the adhesion 
force arising from the surface interaction, bacterial membrane deformation upon 
attachment has been acknowledged as the main mechanosensing mechanism 
that determines the changes on the bacterial phenotype. 
The bacterial ability to respond towards physical environmental factors has 
been an intense subject of research through the use of micro and 
nanostructured topographies. These have largely focused on the development 
of topographies that prevent bacterial colonization or proliferation to avoid 
biofilm formation as one of the most important problems derives from infection.  
 
Figure 6. Bacterial wall deformation and mechanosensing. A) Bacteria-substrate long-
distance interaction causes cell wall deformation. B) Mechanosensitive channels act as 
mechanotransductor of membrane tension by opening upon membrane deformation. 
C) Membrane deformation activate of stress sensitive proteins regulating gene 
expression. Image reproduced with permission from Ref.[76] 
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Bacteria attachment to surfaces has been reported to be influenced by the 
surface feature geometry,[83] dimensions,[84] interspacing,[85] or roughness.[86] 
Micro and nanotopographies have been used to show that bacterial adhesion is 
influenced by the surface geometrical factors and the topography determines 
the bacteria orientation during the initial settlement and in some works disrupt 
the formation of biofilm (Fig 7).[87, 88]  
However, a direct correlation between surface parameters and bacterial 
response cannot be established and the results published are sometimes 
controversial.[89-94] It has been found a tendency such that superhydrophobic 
surfaces are antibacterial while hydrophilicity promotes bacterial adhesion, but 
this it not always the case. 
 
Figure 7. Nanotopographies to control bacterial attachment. A) Schematic 
representation of the influence of interpillar space on P. aeruginosa adhesion. B) SEM 
imaging of attached P.aeruginosa to nanopillars. C, D, E, F) Fluorescence imaging of 
bacterial attachment to nanopillared topographies. Image reproduced with permission 
from Ref.[85]. 
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In addition to modulating adhesion, topography has also an influence on the 
viability and proliferation of attached bacteria to a surface. This effect was found 
on natural topographies such as the cicada wing[95] and subsequently on 
dragonfly wings[96] gecko skin,[97] or shark skin.[98] These species display a 
nanocone topography that reduces bacterial adhesion and renders them non 
viable (Fig 8).[98-102] These findings have opened the door to the use of 
advanced nanofabrication techniques to design natural mimetic topographies to 
develop new smart materials that can effectively prevent the bacterial adhesion 
or proliferation without causing resistance. 
 
Figure 8. Bactericidal effect of natural topographies. A) SEM image of P.aeruginosa 
attached on cicada wing surface, death bacteria exhibit a squashed appearance due to 
the interaction with the naotopography (Scale bar 1 µm). Ion milled cross section of 
bacteria attached on cicada wing topography (Scale bar 200 nm). Image reproduced 
with permission from Ref.[102]  
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3. Objectives 
The overall objective of this thesis is to engineer functional micro/nano 
topographies in polymers to influence the biological response of eukaryotic cells 
and bacteria with potential applicability as materials for regenerative medicine 
and medical implants. 
Another objective is to develop a practical and reproducible nanofabrication 
process based on polymer nanoimprinting to produce with high precision micro 
and nano polymer patterned surfaces that allow for biological systematic studies 
The specific main objectives can be summarized as follows:  
1. To develop the nanoimprinting fabrication process to create the 
appropriated nano and micro topographies to elicit desired cell 
behavior. 
2. To perform a quantitative study of stem cell cellular and nuclear 
biomechanics on high-aspect-ratio micro and nanopillared polymer 
topographies. 
3. To create bactericidal surfaces based on non-resistance causing 
natural bactericidal topographies, which at the same time show 
biocompatibility and allow eukaryotic cell development. 
The specific objectives are covered in three different chapters. Chapter 2 covers 
the influence of high aspect ratio micro and nanopillared topographies on neural 
stem cell functions. Chapter 3 covers the developmental of bactericidal surfaces 
based on the moth eye mimetic topography including as well, the investigation 
of the biocompatible properties. Finally in chapter 4 present a new method to 
Micro and nanotopographies for cell and bacteria manipulation 
 
34 
fabricated nanoparticle enhanced moth-eye bactericidal surfaces and the 
impact on eukaryotic viability.  
  
  
 
 
 
 
 
 
 
 
 
 
Chapter 2  
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1. Micro- Nano fabrication for biomanipulation 
Micro and nanofabrication devices have emerged as important tools to precisely 
manipulate biological entities. The capability to handle and manipulate cells in 
vitro with precision has enabled a number of advancements in quantitative cell 
biology research and directly impacts fields including tissue engineering, 
regenerative medicine, drug-screening and medical diagnostics. 
Micro-nano tools have become essential for quantitative cell biology because 
they allow to standardize and reproduce the environmental parameters of in 
vitro assays and to perform programmed investigations altering these 
parameters to qualitatively and quantitatively qualify the effects on cell behavior. 
As such, micro and nanotools have provided a better understanding of surface 
bio interactions and mechanobiology processes.[8, 103]  
A number of techniques have been employed for the fabrication of micro-nano 
devices for cell manipulation. These can be classified on direct writing 
techniques and replication techniques  
1.1. Direct writing techniques 
1.1.1. Electrospinning and 3D printing 
One of the most widely employed techniques to construct cell scaffolds is 
electrospinning. This technique makes use of an electric field to pull out of a 
nozzle micro or nanofibers that eventually form a mesh.[104] (Fig. 1A) This 
technique has been employed widely because of its practicality and low cost to 
produce nano-sized fibers and scaffolds with large ratio between area and 
volume on a large variety of materials, ranging from composites to proteins or 
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polysaccharides.[105, 106] Electrospinning has been frequently used for the 
fabrication of scaffolds for cell culture and antibacterial materials.[107-109] 
However, the lack of control of internal architecture and topology of electrospun 
fibers, have shifted the attention to other techniques that allow the fabrication of 
more controlled architectures. Recently, 3D printing or additive manufacturing 
has emerged as a revolutionizing manufacturing technology. Additive 
manufacturing can produce three dimensional objects through fusing, 
crosslinking or depositing materials, such as polymers, ceramics, metals, liquids, 
powders or even live cells, layer by layer to create the 3D object which have 
been previously designed by computer software.[110, 111] Typically, a computer-
controlled stage moves a pattern-generating head while depositing material till a 
3D object is reproduced (Fig. 1B). Different patterning heads based on laser 
optics or ink-based print-head, can be used for 3D printing. Patterning heads 
based on laser optics provide a number of alternatives for 3D fabrication, such 
as stereolithography (SLA) of photocurable resins or selective laser sintering of 
polymeric powder.[111] Ink-based printer heads allow further extending the 
number of materials that can be used for 3D printing by droplet- or filament 
based printing. Moreover, 3D printing can be used to directly fabricate three-
dimensional structures using live cells as primary source. In a bioprinting 
process, live cells can be deposited together with materials to form in vitro 
scaffolds for cells, [112] tissues or even whole human organs, providing an 
important fabrication technique for tissue engineering and medical field.[104, 113] 
However, up to date, there are still some important technical limitations for its 
applicability. Firstly, it is the lack of resolution of the current processes, which is 
in general above the micro-scale. The second limitant factor is the materials, 
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there are only a few suitable which can be used with the current 
instrumentation. 
Ultimately, the succesful integration of an implant requires the vascularization 
and this is far from realized today.[104, 111] 
 
 
Figure 1. Set up for electrospun polymer nanofibers fabrication (A) and 3D printing (B). 
Image reproduced with permission from A) Ref.[114] B) 
https://3dprintingindustry.com/3d-printing-basics-free-beginners-guide/processes/ 
 
1.1.2. Photo and e-beam lithography 
Lithographic techniques are the most widely employed technologies for the 
fabrication of micro and nanopatterned materials due to their ability to reach up 
to 5 nanometer resolution with a precise control of the geometrical and 
dimensional parameters of the features.   
Photolithography, have been routinely used to fabricate micro and sub-micron 
scale features on semi-conductor materials including silicon wafers, glass and 
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quartz. Photolitography, also named as optical lithography or UV lithography, 
creates patterns using a UV light source. After substrate’s conditioning a 
polymer light sensitive thin film (photoresist) is spin coated onto the substrate, 
then the wafer is heated to remove the remanant solvent (soft bake). Then it is 
exposed to UV light through a photo mask previously designed to create the 
patterned.. After exposure the UV exposure, the photo resist is generally baked 
and finally developed. Subsequently, the wafer is postporecess by dry or wet 
etching proceses to transfer the micro or nanopatterns from the photoresist to 
the substrate (Fig. 2). The smaller feature size that can be achieved with 
photolithography is 0.3 m due the light diffraction limit. Hence, for the 
fabrication of features below 500 nm, electron beam lithography (EBL) is 
generally employed. Advanced ion beam lithography (IBL) techniques are used 
for to achieve sub-10 nm resolution.[115] 
 
Figure 2. Sequential procedure for mold fabrication by photo and e-beam lithography. 
Image modify from http://www.openwetware.org/wiki/Photolithography  
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1.2. Replication techniques  
Micro and nanofabrication techniques with higher precision and versatility have 
been principally developed by the electronic industry which traditionally employ 
hard inorganic materials. These materials in most cases are not suitable for cell 
culture and bio applications due to their hard, brittle and, frequently opaque 
properties. Thus, other technologies have emerged that allow replicating with 
high fidelity lithographic patterned templates into soft polymeric materials, which 
are more biocompatible. 
1.2.1. Soft lithography 
Soft lithography is a replication technique to transfer the nano or microstructure 
from a master mold or template, previously fabricated by photolithography or e-
beam lithography, into a silicon elastomer, poly-dimethyl-siloxane (PDMS).[8, 103] 
PDMS replicas are fabricated by casting a liquid mixture of the pre-polymer and 
crosslinker, into a master mold. Then, the polymer is thermally cured and 
peeled off from the master mold, obtaining a PDMS replica of the micro or 
nanopatterned master mold (Fig. 3).[116] 
 
Figure 3. Soft lithography process 
PDMS is a thermostable polymer with low surface energy, which prevents 
adhesion to other surface materials. For this reason, in this thesis soft 
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lithography has been employed to replicate the master molds and 
subsequentely the PDMS master molds replicas are employed for 
nanoimprinting. This intermediate step allows preserving master molds. 
Soft lithography has been one of the most popular techniques for transferring 
micro and nanopatterns to compatible materials for biological applications at low 
cost.[117-119] 
Different techniques derived from soft lithography have emerged for biological 
research. One of the most useful has been microcontact printing (CP). This 
technique has been extensively used to create protein patterns on surfaces and 
to make cell patterned arrays.[120-122] In the process, the PDMS stamp is inked 
on the protein solution and then, upon contact, the inked mold transfer the 
protein patterned on to a surface (Fig. 4 D, E, F).[123] CP has been extensively 
applied in biological research, the diffusion of the molecular inks and the 
molecular disorder at the pattern edges, limits the resolution of this technique to 
100-200 nm.[124, 125] 
 
Figure 4. Soft lithography (top), micro-contact printing process (bottom). Image 
reproduced with permission from Ref.[123]  
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1.2.2. Nanoimprint lithography 
Nanoimprint lithography (NIL) was introduced in 1995 by Chou et al., firstly as 
thermal nanoimprint lithography process (tNIL) using a thin thermoplastic film as 
a resist material.[126] Subsequently, the process is also carried out using UV 
curable liquid resins to improve resolution and further extend its applicability.[127] 
Typically, NIL has been used as replication method to fabricate nanometer 
scale patterns onto an imprint resist which then is processed to transfer the 
pattern from the resist to the underneath substrate.[126] However, NIL can be 
also used as fabrication technique of functional polymer topographies by direct 
replication of a master mold in any thermoplastic or UV curable polymer. In this 
thesis, NIL is used for direct replication of nanostructure onto polymers to obtain 
functional topographies, which is in fact a nano-hot embossing process. Hence, 
in the following sections NIL will be termed as nanoimprinting.   
Nanoimprinting is a replication technique that allows transferring micro or 
nanostructures from a master mold, typically made of silicon or nickel, to a 
thermoplastic polymer or resin. Nanoimprinting starts with the loading of the 
mold on to the polymer films. Polymers are heated over the glass transition 
temperature. As the polymer is heated up, it becomes soften into a molten 
stage, where it will fill in the mold cavities under sufficient imprinting pressure 
which typically ranges between 20 and 40 bars. Finally, the mold-polymer 
assembly is cooled down and the demolding is performed (Fig. 5). NIL is a cost 
effective nanofabrication technique that allows the replication of micro and 
nanofeatures on a wide variety of polymers with high reproducibility, precision 
and throughput. Thus, nanoimprinting allows the mass production of well-
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defined micro and nanotopographies in large number of substrates which is 
advantageous for systematic and reproducible biological studies.[128] The 
replication of functional nanostructures onto polymers is attracting interest for 
applications in the biomedical filed. Many polymers, such as silicones, 
methacrylates such as PMMA, polyesters (polycarbonate (PC) or poly lactic 
acid (PLA)) and polyolefins (polypropylene (PP) or polyethylene (PE)) are 
currently used for the fabrication of biomedical devices[129] and can be 
processed readily by nanoimprinting. Other important advantage of 
nanoimprinting is the high throughput production and the readiness of the 
technology for up scaling via roll-to-roll processing.  
  
 
Figure 5. Schematic representation of nanoimprinting replication process. 
1.2.3. Roll-to-roll nanoimprinting 
Roll-to-roll nanoimprinting manufacturing consist of an imprinting roller with a 
patterned surface or wrapped with a flexible mold, which is used to imprint onto 
a flexible substrate set on a supporting roller (Fig. 6).  
Thermal R2R process consist of a continue film of thermoplastic polymer, which 
is heated at the surface and pressed against the imprinting roller to transfer the 
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features of the mold continuously at the same time that the roller mold detaches 
on the other side liberating the features (Fig. 6A).    
UV R2R process (Fig 6B), requires a substrate, such as polyethylene 
terephthalate (PET), to be coated with a thin film of UV curable polymer which is 
pressed against the imprinting roller, at the same time that is exposed to UV 
light to cure the resist before separating the film from the mold.[130]   
Roll-to-roll nanoimprinting is a suitable technique for mass-production of 
nanostructured polymers or resins in a continuous and high throughput manner. 
This technique can be combined with other industrial processes such as 
chemical vapor deposition, sputtering or coating set ups in nano manufacturing 
facilities.[131, 132] 
 
Figure 6. Thermal (A) and UV (B) roll-to-roll units for mass production of micro and 
nanopatterned polymer films. 
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In this thesis, nanoimprinting has been employed to prepare patterned 
topographical substrates for bio-interaction and mechano-biology studies. As 
mentioned, nanoimprinting offers a number of advantages such as material 
versatility, high resolution and replication fidelity, possibility for high throughput 
or upscale processing which allows the production of nanoscale devices at very 
low cost and disposable as it is required in these studies. 
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1. Introduction: Mechanosensing on cellular physiology and pathology 
Traditionally, research in biology has been performed focused on the 
biochemical aspects, using molecular and genetic techniques. Accordingly, 
pathological processes have been considered as an alteration of biochemical 
signaling.[49] However, during the last years the realization that the composition, 
the mechanical properties and surface topography of the extracellular matrix 
(ECM) provide surface cues which are a key influencing the cell fate and 
response, has change the way cell biology is performed.  
Today, there is an extensive activity on biomaterial´s research where the 
composition, mechanical properties, surface topography including geometry 
and dimensionality are designed to elicit desired cell responses and ultimately 
control the cellular response.[16, 22, 133] 
Micro and nanofabrication techniques are extremely useful providing precise 
and affordable tools for the precise control of a single environmental parameter, 
allowing researchers the standardization of environmental conditions.[9] The 
regulation of cell behavior by physical material attributes without the need for 
specific chemical factors will provide for very low cost and practical means of 
regulating in vitro the biological activity. This will be of great advantage in 
applications for fundamental in vitro studies of cell biology and biomechanics as 
well as in regenerative medicine.[22] 
In this field, stem cells (SC) are the most promising cell sources for tissue 
engineering due to their ability for proliferation, self-renewing and 
differentiation.[134] More recently, it has been observed that the ECM physical 
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attributes can also regulate the gene expression and cell differentiation of stem 
cell.  
1.1. Mechanosensing by stem cells  
Stem cells (SC) are undifferentiated cells that are capable of proliferation, long-
term renewal and differentiation towards specific cell phenotypes (Fig 1). In vivo, 
SC functions are controlled by a 3D microenvironment within the tissue, name 
as ‘stem cell niche’, in this location stem cells can reside for a indefinite period 
of time producing progeny while self-renewing.[63, 135] The chemical and physical 
characteristics of stem cells niches are important key factors in the control of 
their fate and function.  
 
Figure 1. Stem cells can differentiate towards different phenotypes, from blood cells to 
neurons. Image taken from https://www.cryo-cell.com/cord-blood/about-stem-cells. 
 
The influence of stiffness[136, 137], nanotopography[39, 69] and chemical 
functionalization[138-140] of a substrate on the stem cells fate have been 
previously reported.[63] However, much more research is needed to elucidate 
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the complex processes giving rise to the mechanical stimulation of 
differentiation pathways. The understanding of the response of stem cells 
towards a mechanical stimulus is crucial for the in vitro control and 
differentiation of stem cells towards specific cell phenotypes. In the replacement 
of damaged cells, tissues or even organs, new regenerative medicine 
approaches based on the physical cell microenvironment would benefit 
enormously from a low cost and practical means to obtain differentiated cell 
cultures.[141, 142]  
Recently, neural stem cells (NSC) have raised great interest due to promising 
applications in the treatment of neurodegenerative disorders such as 
Alzheimer’s, ischemia or Parkinson’s diseases. Mouse neural stem cells C17.2, 
have been employed as model due to their ability to differentiate in astrocytes, 
oligodendrocytes or neurons and their potential application in regenerative 
medicine to repair neurological damages and brain injuries.[143, 144] Neural stem 
cells differentiation mediated by biochemical signaling has been extensively 
studied.[145] Nevertheless, a deeper understanding is required to use 
mechanical cues as regulation parameters of stem cell differentiation towards 
specific cell phenotypes to facilitate the use of these cells for developmental 
studies or cell-based regenerative therapies. 
2. Micro and nanostructured topographies to control stem cell response 
In vitro model systems have been applied to study the influence of external 
mechanical forces on stem cell fate and to gain further understanding of the 
stem cell biology. 
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With this aim, there have been numerous approaches to develop materials with 
fine control of the topographical features using micro and nanofabrication 
techniques.[146] These technologies enable the fabrication with nanoscale 
precision and high reproducibility, of cellular instructive micro and nano 
topographical environments. Nanoimprinting exhibit many advantages over 
other fabrication techniques such as the ability to pattern a large variety of 
materials and geometrical features form micro to nano scale with high precision, 
at large scale and cost effectively.[128] These characteristics are essential to 
produce feature-controlled substrates in large number to permit repeatable 
studies in large numbers. Well-controlled extensive studies will allow gaining a 
wider understanding of the mechanotransduction mechanisms involved in cell 
adhesion and the interplay between surface topography and cellular response, 
which appears to be an important step towards the development of next 
generation of smart surfaces for biomedical applications. Most studies of cell 
behavior on topographical surfaces have been performed on low aspect ratio 
features.[54, 70, 147-149] Studies of cell behavior on high aspect ratio (HAR) 
features are scarcer; presumably because of the more challenging fabrication 
process compared to low aspect ratio features. Studies of cell response on HAR 
pillars include silicon substrates, [42, 150] semiconductor nanowires,[151] metallic 
pillars,[44, 100] and polymers.[45, 46, 100] Nanopillars and nanowires in rigid materials 
have been commonly employed to gain intracellular access for delivery or as 
diagnostic probes.[4] Recently, nano pillars were employed as tool to probe 
nuclear mechanics[152] and furthermore, embryonic stem cell differentiation onto 
definitive endoderm was demonstrated on HAR polycarbonate pillars.[68]  
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HAR structures offer an additional number of physical cues or parameters that 
could be tuned to trigger desired cell responses. Cell behavior on HAR 
topographies has been reported to be influenced by the substrate specific 
geometry and feature size,[153] the feature height,[42, 45] aspect ratio and linked 
effective stiffness[33] as well as feature density.[4, 42] Cells on HAR pillar arrays of 
high density generally appear to present lower rates of adhesion and 
proliferation[4] with a possible explanation that cells experience reduced 
available contact area and or less stable focal adhesions.[154] In contrast, the 
trend observed for cells seeded on low density HAR arrays is an enhancement 
of cell adhesion.[41] In these substrates cells are seen to reach the underlying 
substrate, where the HAR structures act in many cases as anchor points of 
focal adhesions.[35] Nonetheless, most of cell behavior studies on HAR 
substrates have focused on morphological changes and cell orientation, 
whereas other aspects such as cell proliferation and migration dynamics have 
received much less attention.  
 
Despite the many efforts, numerous challenges remain to fully understand the 
complex cellular-matrix interactions and their role in cell function regulation. In 
this work, to bring further insights to the field of stem cell nanomechanics, the 
response of progenitor neural stems cells to HAR dense pillared topography in 
two different scales, the nano and the micro is characterized. Detailed 
characterization of the cell adhesion, viability and proliferation rate, cell 
morphology, cell migration dynamics and traction forces is performed. Each 
topographical scale elicited a distinct behavior. Cells seeded on the micro scale 
HAR topography showed a more confined morphology and large cytoplasmic 
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penetrations into the HAR topography with reduced mobility and high traction 
adhesive forces. Conversely, cells on the nanotopography showed high rate of 
proliferation, a large cell spread, high mobility with random migration altogether 
with low traction forces. 
3. Experimental section  
3.1. Patterning of HAR topographies: HAR pillar structures were 
patterned by thermal nanoimprinting. The required silicon templates were 
fabricated through standard clean room processes of photolithography and 
reactive plasma etching. The templates were coated with a 
Perfluorodecyltrichlorosilane (FDTS) (Alfa Aesar) through vapor deposition as 
release agent to facilitate the demolding process. Imprinting was performed 
using a CNI nanoimprinter (NIL Technology). The substrates employed were 
polycarbonate films (Lexan 8040, Sabic) with a thickness of 175 µm. The PC 
films were imprinted at 180°C and 6 Bars of pressure for 20 minutes. The 
polymer-mold assembly was allowed to cool down to 80°C before the pressure 
was released and demolding was performed. Nanopillars of 500±15 nm in 
diameter and 2 µm height and micropillars of 2±0.5 µm in diameter and 10 µm 
in height were produced. Scanning electron microscope (SEM) imaging was 
carried out using an Auriga FIB-SEM system (Zeiss). The wetting behavior of 
the substrates was evaluated by measuring the contact angle (CA) of 5 µl of 
water drops using a tensiometer (Theta Lite system, Biolin).  
3.2. Nanopatterned surface conditioning: The imprinted substrates (four 
substrates of each topography) were cut to size (7 mm in diameter) and fixed on 
a 24-well-plate. Subsequently, the substrates were sterilized and then 
incubated in 0.5% Gelatin (Sigma-Aldrich) solution for 30 minutes at 37°C and 
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in 5% CO2 atmosphere. The excess of gelatin solution was removed by 
aspiration and the substrates were rinsed with PBS twice (Fisher Bio reagents).  
Cell Culture: Mouse Neuronal Stem Cells C17.2 were cultured in Dulbecco's 
modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% Fetal 
Bovine Serum (Gibco), 5% Horse Serum (Sigma) and 1% penicillin-
streptomycin (Gibco) at 37°C and 5% CO2 atmosphere.  
3.3. Cell Viability Assay: The assay was conducted in triplicate for each of 
the substrates tested and in two independent assays. Cells were seeded on the 
prepared substrates at a density of 15000 cell/ml. The cell viability was 
assessed by colorimetry using the test kit CellTiter 96® AQueous One Solution 
Cell Proliferation Assay (Promega). The data given correspond to the 1st, 4th, 
5th, 6th and 8th day of growth and were obtained using a H4 hybrid micro plate 
reader (BioTek). Population Duplication Time (PDT) was calculated from the 
viability test data obtained using equation 1. 
          
     
               
 (Equation 1) 
Were t is the incubation time, Cellf is the number of cells at a given incubation 
time, and Celli the initial number of cells seeded on the substrate.  
 
3.4. Cell migration: Cell velocity and direction were evaluated by time-lapse 
imaging. Cells were seeded and cultured on the substrates for 72 hours with 
appropriate media and this was replaced before beginning the imaging 
experiments. Imaging was carried out using a AF6000 LX microscope (Leica) 
equipped with an incubation chamber at 37°C and a 5% CO2 atmosphere. 
Images were collected every 5 minutes over a period of 1200 minutes using a 
10x magnification objective. The migration of cell was analyzed using the 
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MTrack J macro included in the Image J image analysis software form NIH. 
Initially the cell locations in the time-lapse movies were tracked, 50 random cells 
per substrate were analyzed. Using Diper, the software-macro developed by 
Gorelik et al., cellular tracking data were computed to obtain the average 
speed, profile speed, directionally ratio and corresponding plotting.  
 
3.5. Immunofluorescence cell staining: Cells were seeded and cultured 
during 72 hours at 37°C and 5% of CO2. The culture media was then aspirated 
and cells were rinsed with PBS buffer and fixed with 4% paraformaldehyde 
(Sigma-Aldrich) for 15 minutes. Subsequently, the cells were permeabilized with 
0.1% Triton X-100 (Sigma-Aldrich) for 2 minutes, rinsed with PBS and 
incubated with a 1:500 mouse antivinculin dilution (Sigma-Aldrich) for 1 hour. 
Following, the substrates were rinsed with PBS and incubated with 1:500 Alexa-
647 rabbit anti mouse IgG dilution (Molecular Probes) for 1 hour in darkness. 
Cells were then rinsed with PBS and incubated with ActinGreen (Molecular 
Probes) and Dapi (Molecular Probes) for 30 minutes in the dark. Finally, the 
substrates were rinsed and mounted on FluorSave reagent media (Calbiochem) 
and imaged using a LSM710 confocal fluorescent microscope (Carl Zeiss) at 
40x and 63x magnification. All the incubation steps were carried out at room 
temperature. 
 
3.6. Quantification of cellular morphology: The individual morphology was 
analyzed using the Image J image analysis software by NIH. Cells were seeded 
and cultured on the different substrates, and collected after 72 hours. Five 
independent trials with three replicates of each substrate were analyzed. Three 
Chapter 3 
61 
different parameters were taking into account for quantification of cellular 
morphology: area, circularity and elongation. Circularity was defined as 4π × 
[Area/(Perimeter)2].Elongation was defined as  [Major Axis/Minor Axis] as the 
cells are fitted to an ellipse. Flat PC substrates were used as control. 
 
3.7. Cell tractions characterization by SEM and FIB: Cells cultured on the 
patterned substrates for 72 hours were fixed with 4% paraformaldehide. The 
substrates were then rinsed in DI water and dehydrated using a series of 
ethanol dilutions with increasing concentration from 50% to 100% for 5 min in 
each dilution. Prior to imaging, the substrates were air-dried and sputter-coated 
with a thin layer of gold-palladium. Imaging was carried out using an Auriga FIB-
SEM system (Zeiss). FIB was employed to mill the cross-sections of cells 
adhered to the nanopillars and SEM to image precisely the bending of the 
nanopillars due to the cell tractions on them across the cell length from the 
leading to the receding edge. The traction forces for cells seeded on the 
micropillars were obtained directly from the SEM images. The bending angle of 
the pillars was obtained from the images of cells with visible connections to the 
topography using Image J (NIH). Using the bending angle data, the deflection 
(x) of the individual pillars from the initial position was calculated, assuming an 
initial position of 90o as observed in pillars without cells. The cellular traction 
force (F) was calculated using Hooke's Law (Equation 2), in which the deflection 
(x) corresponds to the bending distance of a pillar.  
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The stiffness (k) of a cantilever (Equation 2) dependent on the Young`s 
modulus (E), the moment of inertia (I) and nanopillar's length (L) was calculated 
by the Euler-Bernoulli beam theory:  
                                                      
   
  
 
     
  
                               
4. Results  
4.1. Fabrication and characterization of HAR pillars substrates  
The HAR pillared substrates were fabricated on standard polycarbonate (PC) 
films for its high transparency. Nanoimprinting of the topographical features 
allowed for the accurate and reproducible replication of the large number of 
substrate required for the tests performed during this study. Two different 
topographies were studied; 500 nm x 2 µm and 2 x 10 µm pillars (Diameter (D) 
x Height (H)) with aspect ratio corresponding to 4 and 5 respectively. In both 
cases, a square arrangement of the pillars with an inter pillar distance equal to 
1D was employed. These topographies correspond to a dimensional range in 
the micro and nano scale. We chose two scales to determine the differential 
impact of the on the cell response and possibly gain a broader insight on the 
impact of HAR topographies on cell behavior. In addition, the selected features 
allow testing the true effect of the topography without interfering effect from the 
underlying substrate as the cells cannot reach to it. Images of the 
nanoimprinted HAR topographies carried out by scanning electron microscopy 
(SEM) are shown in Figure 2A. The images reveal well-defined nanopatterned 
features. The dimensions of the topographies are tabulated in Figure 2B.  
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Figure 2. A) SEM images of the topographies fabricated by polymer nanoimprinting 1) 
500 nm pillars and 2) 2 µm pillars. B) Summary of the physical characteristics of the 
patterned substrates. Scale bar 2 µm (1), 10 µm (2)  
 
Generally, surfaces in contact with biological media are eventually covered with 
proteins. However in this work, to have a homogeneous chemical surface within 
all the substrates under test from the start and to be able to ascribe the 
difference on cell behavior on the different substrates solely to the topography, 
before cell seeding, the substrates were covered with protein from gelatin to 
provide a cell adhesive surface on the entire pillared topography. To test the 
protein coverage on the substrates, contact angle measurements were 
performed. The values obtained are summarized in Figure 2B. The data reveal 
that the substrates turned hydrophilic upon the treatment with gelatin solution 
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indicating the adsorption of the protein onto the surface and its completed 
coverage.  
 
4.2. Cell viability  
At the initial experiments, the ability of cells to adhere and proliferate onto the 
HAR topographical substrates was assessed. The growth pattern obtained 
depicted in Figure 3A shows that the pillared substrates supported cell division 
following the characteristic cell growth profile. As it is plotted in Figure 3A, cells 
on all the substrates enter the logarithmic growth phase on the fourth day of 
culture, reaching the highest development level on the fifth day. Subsequently, 
they lose viability and enter death phase on the sixth day when the growth 
medium was exhausted. The substrates showed marked differences in 
proliferation rates compared to the control. Cells growing on 500 nm pillars 
reached higher growth values than cells seeded on 2 µm pillars, but in both 
cases, the growth rates were lower than that of the control. This fact is also 
supported by the data obtained for population duplication time (PDT) plotted in 
Figure 3B. It can be seen a similar trend for all substrates. However, the PDT 
values were higher for the topographic substrates compared to the flat controls 
indicating a lower cellular growth rate and among these, cells seeded on the 2 
µm pillar substrates show the highest duplication time. These results indicate 
that while all substrates support cell adhesion and proliferation, the HAR 
topography increased the cell duplication time hence, the growth pattern. And in 
the case of cells seeded on the 2 µm pillars, the proliferation rate was 
substantially reduced.  
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Figure 3. Proliferation rate of the C17.2 cells during 6 days on the 500 nm and 2 µm 
pillar topographies comparatively to a flat control. (A) Proliferation rate plot profile (B) 
Quantification of population duplication time (PDT). Error bars represent standard 
deviation.  
 
4.3. Morphological cell response  
The morphology of cells seeded on the HAR pillars was assessed 
comparatively to the cells seeded on flat control substrates through 
fluorescence images. To have a more quantifiable measurement of the 
morphology differences induced by the topography, the area, circularity and 
elongation were calculated. Very distinctive morphologies were observed on the 
three substrates. As seen on the fluorescence images displayed in Figure 4, 
cells cultured over flat substrates appeared well spread and elongated and they 
showed large spreading area and the lowest circularity value and elongation. 
Conversely, cells grown on 2 µm pillars showed a considerable reduction of the 
projected cell area up to 5-fold and displayed higher values of circularity and 
lower of elongation. Cells on this substrate grew projections frequently 
extending as far as three times the cell body diameter along one specific pillar 
lattice direction. In contrast, the morphology observed for cells cultured onto the 
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500 nm pillars was more spread, less circular and with higher levels of 
elongation. In addition, these cells showed numerous filopodia extending in 
every direction while being more prominent on the advancing cell edge.  
   
Figure 4. Changes in cell adhesion and morphology with the topography. (A) 
Fluorescence images of C17.2 cells cultured over a flat, 500 nm and 2 µm HAR pillar 
topographies. (B) SEM images of cells cultured over (1) 500 nm pillars and (2) 2 µm 
pillar topographies (C). Quantification and comparison of cellular morphological 
parameters in terms of (1) cell spreading, (2) circularity and (3) elongation. The 
statistical significance (p < 0.05) after performing t-tests marked as (*) indicates a 
significant difference between the topographies compared to a flat control. Scale bar 
20 µm. Error bars represent standard deviation. 
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Consistent with findings reported before,[4, 42, 45] these observations indicate that 
the dimension, the density and the interspacing distance between pillars 
strongly determine the morphology of cells cultured on HAR pillar substrates. A 
critical spacing dimension of 2 µm between the nanopillars was determined 
before by Bonde et al.,[4] below which, cells are unable to reach and adhere 
onto the underlying surface. Further, SEM imaging of the cell body arrangement 
on the HAR topographies was performed to corroborate these findings. As 
shown in Figure 3B, cells seeded on 2 µm pillars, presented cell bodies 
suspended within the bed of pillars with large cytoplasmic penetrations. In some 
instances, cell adhesions were seen onto the side of the pillars but in any of the 
substrates analyzed, the cell body reached the underlying substrate. Nano pillar 
impalement onto the plasma membrane was also observed on cells seeded 
onto the 500 nm pillar topography. However, this was much less pronounced 
and restricted to the periphery of the plasma membrane while cells remained 
largely suspended on top of the pillars. This effect was seen from the third day 
of culture.  
To gain further insight on the cytosol and cytoskeletal rearrangement on the 
pillared surfaces, immunofluorescence staining for actin and vinculin was 
performed. Confocal microscopy images of cells seeded on both topographies 
were taken on an optical plane just below the pillar surface (Figure 5). Due to 
the high aspect ratio of the topography, the cytoskeleton structures appeared 
spread along several focal planes. Therefore, at high resolution, it was not 
possible to visualize discrete vinculin stained focal adhesions or continuous 
actin filaments. However, the images reveal other interesting aspects of the 
interaction of cells with the pillar structures and resulting morphological changes. 
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In Figure 4 A(1) it can be observed that the 2 µm pillars appear delimited by a 
strong fluorescent ring outlining the pillars perimeter. This stronger fluorescent 
emission is due to the increase on the concentration of fluorophores indicating 
that there is a increase of green-stained actin stress fibers clustered around the 
pillars.[152] On the other hand, the vinculin fluorescent signal (Fig 5B (2)) and 
signal from the nucleus stained with DAPI (Fig 5A (3)) faded from the pillar 
caps´ centers and it shows as black circles on the confocal images. These 
observations indicate that the cell membrane was intact resting on the top of the 
pillars and that the cytoplasm was mostly embedded within the topography with 
the nucleus undergoing a large deformation as it is enclosed and confined 
within the topography not only on the normal direction but on the lateral 
direction within the 2 µm interpillar gaps.  
Previous studies indeed have shown that stem cells have very soft nuclei as 
they contain less chromatin in condensed configuration and in addition, the 
expression level of lamin-A and lamin-C is much lower than that for 
differentiated cells. [155, 156] Our observations corroborate these studies; it was 
found that the stem cell nuclei underwent large deformations in both the axial 
and lateral directions (Fig 5A). Particularly on migrating cells, the nucleus can 
be seen markedly elongated and constrained within the pilar gaps reducing 
substantially the nucleus projected area and showing a circularity factor 0.4 
0.13. 
Immunofluorescence imaging of the cells seeded on the 500 nm pillars (Figure 
5B (1,2) also showed cytoplasmic penetrations but of a lesser degree. In many 
of the cells analyzed, it was observed that only at peripheral areas, pillars had 
impelled onto the plasma membrane. The nucleus of these cells rested atop of 
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the 500 nm pillars and showed slight pillar impalement as denoted by the black-
dotted DAPI fluorescence images of Figure 5B (3). However, in many of the 
cells analyzed, the nucleus retained the typical oval morphology (circularity 
factor 0.70.1). These observations indicate that the nucleus conformed to the 
topography on the normal direction but it was not compressed laterally into the 
topography. The gap within the pillars (i.e. 500 nm) is indeed too small for the 
cell nucleus to constrain within such small dimension; this observation is in line 
with previous reports.[4, 42, 45] It is plausible that the dense 500 nm topography 
may appear more like a continuous surface where cells can establish an 
adequate number of adhesions where the disjointed topography only adds a 
small fraction of tension to the cytoskeleton. 
  
Figure 5. Confocal inmunofluorescent images of C17.2 cells showing the cytoskeletal 
arrangement (stained by 1) actin-green and 2) vinculin red) and nuclei morphology 
(stained by 3) DAPI) adopted by A) cells seeded on a 2 µm HAR pillar substrate and B) 
cells seeded on s 500 nm HAR pillar substrate. Scale bar 10 um. Cells on the 2 µm 
pillares appear embedded into the HAR topography showing a reduced cell projected 
area and a nucleus constrained laterally and axially. Cells on the 500 nm pillars show 
pillar impalement onto the cytoplasm and the nucleolus denoted by the dark spots on 
the fluorescent areas. However, the cell projected area remains largely unchanged 
indicating that the cell spread atop the topography.  
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4.4. Cell Migration and dynamics of adhesion 
Cell movement or migration is the outcome of three interrelated processes: 
adhesion, protrusion driven by actin polymerization and actomyosin contraction 
for cell body translocation.[157] Many studies have demonstrated that these 
processes are especially sensitive to extracellular mechanical cues such as 
stiffness and topography.[53, 158] Accordingly, both parameters have been 
investigated extensively to design cell instructive substrates to direct and 
orientate cell migration.[159] 
In this study it was assayed how the cells sense pillars´density or interspacing 
in order to determine the dimensionality of a textured surface that cells 
perceived as continuous or discrete and how these variables impact on cell 
migration. With this aim, the migratory patterns of the cells cultured over both 
HAR pillar substrates and a flat control were investigated through time-lapse 
imaging during 20 h. The cell trajectories obtained from video frames, were 
tracked and the data was analyzed using Image J. The cells´ trajectories 
together with the speed profile and average speed on each of the substrates 
are shown in Figure 6.  
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Figure 6. Cell migration patterns. (A) Wind rose plots of cell trajectories in (1) Flat 
control surface (2) 500 nm pillars (3) 2 µm pillars. (B) Average speed profiles and (C) 
directionally ratio of the cell migrating trajectories on the tested substrates. The 
statistical significance (p < 0.05) after performing t-tests is marked by * indicating a 
significant difference between the two topographies compared with a flat control. Error 
bars represent standard deviation.  
 
The windrose plots of the cell trajectories overlaid at origin (Figure 6) indicate 
that cells cultured on 500 nm pillars display a random migration similar to that 
on the flat substrate with a continuous fast movement. Due to the isotropic 
character of the topography, a random migration is predictable. Noteworthy of 
these cells is the high migration speed and active exploration of the 
environment by the numerous filopodia growing in all directions. On average it 
was observed a remarkable 15 % increase in cell speed over the cells seeded 
on flat substrates. The filopodia have an exploratory function for cells to probe 
their environment and once a suitable area is located, lamellipodia are formed 
to relocate the cell to the desired location.[160] It was hypothesized that the high 
dynamic filopodia activity of cells seeded on the 500 nm pillars is possible 
because this topography offers a pillar density or inter-pillar distance suitable for 
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the filopodia to sense adjacent pillars but on the other hand, the cells may also 
sense the discontinuity on the substrate and develop weaker, less stable 
adhesions compared to cells seeded on flat surfaces. 
Conversely, cells seeded on the 2 µm pillars did not exhibit such high 
exploration activity; the active formation or filopodia or lamelipodia could not be 
observed distinctively. This topography in fact imposes a geometrical hindrance 
to the cell movement. As we have seen above, within an interpillar distance of 2 
µm, cells became confined within the HAR micro pillars with large cytoplasmic 
and nuclear penetrations into the topography. Accordingly, the required 
cytoskeleton rearrangement and contractile force to lift the cell nucleus for the 
migration to advance was greater. Moreover, these cells exhibited what it 
appears to be a different migration mechanism. They generally developed a 
long protrusion that eventually was successful in pulling the cell body forward 
due to the increased tension created. The migration pattern of cells seeded 
over the 2 µm pillar substrate was characteristically quasi-directional with a cell 
velocity on average 50% slower than that on the flat control. The motion was 
also discontinuous with alternating periods of no apparent mobility followed by a 
sudden jump to a new location preceded by a long protrusion and typically 
along the pillar lattice. 
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4.5. Cellular traction forces 
To further substantiate these findings, the cell traction forces on the HAR 
topography were measured. Because of the small magnitude of cell traction 
forces in the nN range, it is a challenging task to determine cell traction forces 
accurately. In particular, when the medium topography is on nanoscale, optical 
visualization methods are ineffective. Hence, in this work, ion and electron 
microscopy techniques were employed to image the cell-nanopillars´ interaction 
and measure from the images, the deflection of pillars due to the cell tractions. 
The deflections then serve to quantify the traction forces generated by the cells 
applying the Hooke´s law.  
To quantify these traction forces, the deflection of the pillars situated at different 
locations under the cell membrane was measured. For this, cells seeded on the 
500 nm pillars were finely ion milled from the front to the rear using a FIB 
(Figure 7A). The pillars´ deflection was measured from the cross-section SEM 
images. During the force measurement and experiment analyses, cell images 
were segregated according to the migration state in relation to their round or 
elliptical phenotype. The different phenotypes showed different traction force 
patterns (Figure 7B). For round, non-migrating cells, a symmetric traction force 
profile was obtained across the entire cell membrane indicating that the traction 
force exerted on both the cell edges had a similar magnitude (Figure 7C). For 
these cells, the maximum traction force exerted at the periphery was on 
average 0.75 µN. Conversely, elliptical migrating cells exhibited an asymmetric 
traction force profile being higher at the advancing edge and lower at the 
receding end (Figure 7D) with values of traction force over 2.5 µN at the leading 
edge, and a maximum receding force of 1.75 µN. The trend found generally 
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agree with what has been reported before[44] and indicate that traction forces 
generated by the cells are directed toward the center of the cell, with the 
strongest forces concentrating at the lamellipodia leading edge and steeply 
decaying towards the center of the cell.  
 
 
Figure 7. Traction forces for cells on 500 nm HAR pillared substrates. (A) SEM image 
of stationary cell over 500 nm pillars showing no polarization. (B) SEM image of a 
polarized cell migrating on the 500 nm pillars showing the lamellipodia at the leading 
edge and a trailing edge. (C) Traction force profile across a stationary cell showing 
adhesive traction forces at the edges while no forces are detected at the center. (D) 
SEM image of a polarized cell migrating on the 500 nm pillars showing the lamellipodia 
at the leading edge and a trailing edge. (D) Distribution of traction forces measured 
exerted by stationary cell and migrating cell at the leading edge and at the receding 
edge. (E) Typical traction profile of a migrating cell showing high forces at the leading 
edge and lower the receding side. Scale bar 10 um.  
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Quantification of the traction forces exerted by cells seeded on the 2 µm pillar 
substrates required also an independent analysis between migrating and non-
migrating cells. Likewise, non-migrating cells with a round phenotype showed a 
symmetrical force profile with a mean traction force of 9 µN on average exerted 
at the periphery (Figure 8A). The pillar deflections caused by the cell main body 
or leading protrusion of migrating cells on the 2 µm topography were also 
evaluated independently (Figure 8B). The values of traction forces measured on 
the protruding edge were in the order of 5 µN while for the cell body the mean 
values were about 11 µN. These forces exerted by the cell body are one order 
of magnitude higher than those exerted by the leading protrusion, which is the 
direction of the cell motion. These results are in agreement with previous 
observations that the cellular contractility increases during cell migration.[34] 
Furthermore, the large magnitude of this compressive rear force is an evidence 
of the great contractile traction the cell body has to effect to lift the nucleus and 
pull the rest of cytoplasm embedded within the topography to allow for the cell 
translation to a new location. These large traction forces exerted by the cell 
cytoskeleton on the 2 µm pillars correlate with the large accumulation of actin 
stress fibers seen around the pillars as well as the nanopillars induced nuclear 
deformation investigated through the fluorescence staining experiments.  
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Figure 8. Traction forces for cells cultured on 2 um HAR pillar substrates. (A) SEM 
image of stationary cell over 2 um pillars. (B) SEM image of a cell migrating within the 2 
um pillar topography. (C) Distribution of the traction forces exert by a stationary cell at 
the periphery and migrating cell at the leading edge and at the receding edge. Scale 
bar 10 um  
 
5. Discussion 
The HAR topography tested induced significant changes on cell response. Both 
substrates sustained adequate rates of adhesion and viability although the 
proliferation rate was somewhat reduced on the HAR topographies. On both 
substrates cell spreading was lesser than the flat control and it was remarkably 
reduced for cells seeded on the 2 µm substrates. A more striking effect of the 
HAR topography was found on cell morphology and behavior and it was very 
distinct for the nano or micro topography or the flat surface control. Cells 
seeded on the nano topography spread amply onto the HAR pillars and showed 
Chapter 3 
77 
a large degree of elongation with frequent cytoskeletal rearrangement. The data 
from confocal time-lapse microscopy experiments show that cells on 500 nm 
pillars moved constantly and randomly with quick changes to the direction of 
migration while filopodia explored the surface through cycles of protrusion–
retraction that occurred on a timescale of a couple of minutes. Cells made 
contact adhesions onto the top of the pillars and remained largely atop of the 
topography although a certain degree of pillar impalement onto the cell 
cytoplasm and nucleus was observed. These cells while migrating showed a 
typical lamellipodial cell profile with higher traction forces of propulsion at the 
leading edge and lower on the trailing edge as mature adhesions released. 
These observations agree with previous reports [60] and the general trend 
observed whereby contractile forces generated by the cells are directed toward 
the center, with the strongest forces concentrating at the leading and receding 
edges and sharply decaying towards the central region. 
Conversely, the cells cultured on 2 µm pillars, showed a very round cell 
projected area and apparent long periods of inactivity after which, they grew a 
characteristic unidirectional protrusion as cell leading edge. Cells on these 
substrates moved slowly with discontinuous migration of alternated periods of 
immobility followed by a sudden onset of motion. Migration was instead quasi-
directional driven by a unique cytoplasmic protrusion. The timescale for the cells 
to move was about 10 minutes.  
Previous studies have shown that the substrate topography significantly 
influences the exploration dynamics and substrate recognition of filopodia which 
ultimately guide cell functions such as cell adhesion, spreading, migration and 
division.[13, 161] Clear differences on the filopodia activity of cells seeded on the 
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500 nm pillars compared to the ones on 2 µm substrates was observed. Cells 
on 500 nm pillars grew numerous filopodia in every direction and moved rapidly 
showing 15% higher speed than cells seeded on the flat controls. It appears 
plausible that filopodia perceived the disjointed topography less conducive than 
a continuous surface to form stable adhesions as the pillars reduced the 
available area and confined the adhesive contacts to disjointed mechanical 
entities. In addition, having adhesive points on different mechanical entities may 
induce a certain degree of destabilization of the cell adhesion and mechanical 
stresses onto the cell plasma membrane. This presumed higher degree of 
instability together with a reduced adhesive contact area may account for the 
larger mobility seen for the cells on the 500 nm pillar substrate, as they appear 
to be like on a constant a search.  
The filopodia activity of on cells seeded on 2 µm pillars appeared extremely 
reduced, they were less visible and for the most part of the cells, filopodia 
activity did not lead to cell spreading or cell motion. Cells fail to spread 
horizontally, but instead, they spread vertically into the topography and it was 
particularly evident for migrating cells (Fig 8A), where most of the cell volume 
appeared embedded within the topography. Cell adhesions were seen laterally 
onto the pillars´ wall to support the cell body. Migration was primarily driven by a 
unique cytoplasmic protrusion that extended generally unidirectional along the 
interpillar lattice as the most advantageous direction of drag to the movement.  
Linked to the morphological changes and migration behavior, another notable 
influence of the HAR topography was on the organization and positioning of the 
cytoplasm components primarily the nucleus, and the traction forces generated 
Chapter 3 
79 
by the cells on the topographic surfaces. Both of these aspects are directly 
related to the actin cytoskeleton.  
The general tendency of cells to maximize their contact area was observed. On 
both topographies, the cell membrane conformed to the topography within a 
feasible extent and at the same time, the cytoskeleton pulled the nucleus 
downwards against the pillars, which were observed to deform and impale onto 
the nucleus. For cells seeded on the 500 nm pillars, the cytoplasmic 
penetrations and nuclear deformation on the topography were relatively small. 
These cells displayed characteristic propulsive and contractile traction forces at 
the front and rear of the cells. On the micro topography with an aspect ratio of 
4:1 and interpillar distance of 2 µm, cells were not able to establish sufficient 
adhesive contacts to spread onto the top surface of the pillars, neither were 
able to reach the underlying surface. Instead, to increase their contact area, 
cells embedded themselves within the topography making contact adhesions to 
the sides of the pillars while they pull the cytoplasm and nucleus inside of the 
topography. In many of the cells analyzed, the nucleus was deformed in the 
direction normal to the topography as the pillars impaled on to it. Moreover, 
commonly the nucleus was observed longitudinally deformed as it was drawn 
into the interpillar´s gaps. Consequently, cells seeded on the 2 µm topography 
displayed large propulsive tractions on the migrating leading edge and also 
exerted remarkably strong contractile axial forces at the cell main body region. 
The large magnitude of these forces provide evidence that cells on this 
topography required a more intricate reorganization of the force-generating 
filament components intertwined into the pillars and large contractile forces to 
lift to the cytoplasm and nucleus embedded within the HAR 2 µm pillars. These 
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results support the observations by Hanson et al. and Davison et al.,[48, 152] in 
that the topography induced plasma membrane deformation is transmitted to 
the nucleus by the cytoskeleton actin fibers resulting in nuclear deformation.   
Another striking observation in this work is the large magnitude of the traction 
forces exerted by the cells on the HAR topography. Previous works on traction 
force sensing on pillar arrays (for multiple cell types and different substrate 
materials), have covered a range of forces from nN to µN.[44, 162, 163] In these 
works, the force level reported increased with the stiffness of the substrate for 
materials ranging from the elastomeric Polydimethylsiloxane (PDMS) with an 
elastic modulus of about 2 MPa to silicon with an elastic modulus of about 151 
GPa.[163] 
Previous works have also suggested that the matrix stiffness has a strong 
influence on cell traction forces and the general trend observed is an increase 
of cell force with substrate stiffness.[163, 164] However, in addition to increasing 
cell stresses, stiffness also influences the cell spread area which, indirectly 
influences the generation of cellular tractions.[165] The influence of these two 
parameters was decoupled by Han et al.,[166] who established that the role of 
substrate stiffness and spread area on traction force generation is a priori 
independent and demonstrated that substrate stiffness increases the average 
traction force, whereas cell spread area reduces the average force through an 
increase in the number focal adhesions. In line with this rationale, the large 
traction forces exerted by the cells on the HAR substrates may be directly linked 
with the higher substrate stiffness (compared to PDMS) and with the reduced 
cell spread seen compared to flat surface. While these results need further 
investigation, they provide further evidence of the enormous mechano sensing-
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transduction capacity of cells, their ability to sense mechanical cues and adapt 
to different environments of substrate stiffness and geometrical features by 
modulation of the generated cytoskeletal forces within a wide range.  
Generally cells have a tendency to maximize their contact area with the 
surfaces for reasons such as to achieve a stronger and more stable attachment, 
to increase the surface area for more effective membrane trafficking and 
absorption of nutrients. However, the question that emerged to us here is what 
are the physicochemical cues that steer the cells to undergo such large 
cytoplasm deformations and large compression of the nuclei into 2 µm gaps? Is 
it an active mechanism executed by the cell in order to maximize the adhesive 
contacts and surface area or, is it a conformation more favorable to decrease 
the cell membrane tension? Recent studies have indicated that the plasma 
membrane tension, exerting and responding to forces through the attached 
cytoskeleton is an important regulator of cell functions such as cell morphology 
and movement.[167, 168] And spreading correlates with an apparent decrease in 
membrane tension.[169] The results of this study point towards this end as 
spreading vertically into the topography appears more favorable for cells to 
release membrane tension than remaining in the round state or than bridging 
across the pillars at a distance of 2 µm. Further research will be necessary to 
underpin these assumptions and underlying mechanisms.  
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6. Conclusion 
Nanoimprinted micro and nano HAR polymer topographies triggered very 
different stem cell responses. The dimensionality of the HAR topography in 
terms of pillar spacing and aspect ratio was a decisive factor to influence the 
cell fate. Aspect ratio and pillar spacing determined the possibility of the cells to 
reach the underlying substrate. With an aspect ratio of 4 and interpillar distance 
below 2 µm, cells were not able to reach the underlying surface and adhered 
only to the top of the topography. Hence, the cell responses observed derived 
merely from the topographical features and related mechanical stresses exerted 
onto the cells. 
Cells on the nanotopography showed a somewhat lower rate of proliferation 
than those on the flat surface control together with a smaller cell spreading. In 
contrast, they showed higher mobility with random migration altogether with 
high traction forces. These responses are believed to arise from the ability of 
filopodia to sense the small disjointed areas as less conducive for the 
expansion of focal complexes into larger stable adhesive contacts.  
Cells seeded on the micron scale topography showed yet a lower rate of 
proliferation and a round projected morphology. Nonetheless, cells spread 
vertically into the 2 µm interpillar gaps of the topography and migrating cells 
exhibited a large part of the cell volume embedded within the topography. 
These cells established contact adhesions laterally onto the pillars and the 
stress fibers pull the cytoplasm and nucleus into the topography. The marked 
morphological changes were associated with changes in migration and traction 
forces. The topography limited the cell migration due to geometrical restrictions 
to the movement of the nucleus embedded within the pillars, as such, migration 
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was slow and quasi-directional driven by a unique protrusion along a direction 
of less resistance. Cells on this topography effected large protrusion and 
contractile forces in order to lift up and shift the cell body to a new location.  
The significance of these results relies on the possibility to attain with HAR 
pillars the true mechanical effect of topography without the influence of the 
underlying substrate, as cells were not able to reach to it. These substrates 
allowed us to observed in situ nuclear deformability of viable stem cells. It was 
shown that the nucleus of stems cells deforms readily and large changes on 
nuclear shape can take place during migration through confined spaces. 
These large deformations observed for the nucleus correlated with the 
accumulation of the actin stress fibers around the pillars and the large traction 
forces measured which evidences the intricate coupling between the nucleus 
and the actin cytoskeleton. Another striking finding is the large traction forces 
the cells were able to exert to spread and migrate on the HAR topography. It 
was postulated that the membrane tension arising from the cell-topography 
interaction orchestrates the mechanical signals that trigger the formation of 
adhesive contacts by supporting cytoskeletal organization and membrane 
remodeling.  
Hence, the results of this study indicate that HAR surface topographies are 
effective tools for in vitro cell manipulation and would be useful research tools in 
cell biology to probe cellular and nuclear biomechanics. Further, these results 
provide new insights for the understanding of stem cell response to artificial 
surfaces, which would be valuable in developing smart cell culture platforms for 
engineering the next-generation of regenerative biomaterials.
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1. Introduction  
Bacteria are ubiquitous microorganisms that can be found literally everywhere 
on Earth. Its broad presence has forced all other living beings to develop 
different mechanisms to coexist with bacteria. As such, nature has evolved a 
large variety of strategies to fight against or take advantage of bacteria, these 
range from immune response, chemical destabilization by antimicrobial 
peptides or antimicrobial surfaces to the ability to use bacteria as food source or 
food factory. 
Bacteria have caused the major deathly epidemics in human history and today 
have emerged again as an old-new threat due to the development of bacteria 
resistance. Methicilin-resistant Staphylococcus aureus (MRSA) and 
Pseudomona aeruginosa are the main bacteria involved in hospital-
acquired/associated infections and the main cause of death derived from 
surgery complications.[170, 171] However, multidrug-resistant infections can leave 
the hospital and become part of the community flora if measurements are not 
taken.[172] 
Although disease and pathogenesis are extremely distressing, bacteria can 
cause undesirable problems in many other fields, such as in food production, 
furnishing, shipping or construction. To fight bacteria, mankind has developed a 
number of strategies to contain the proliferation of bacteria into biofilms. These 
methods range from the development of antiseptics or antibiotics to processing 
methods such as heat or radiation treatments. 
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Despite these antibacterial strategies, bacterial colonization and biofilm 
formation on surfaces remain as important problems in the society and across 
all industrial sectors.  
1.1. Adaptability of bacteria  
The obstacle to control bacterial adhesion and proliferation lies on the great 
adaptability of bacteria to different environments. This high adaptability stems 
from the bacterial ability to acquire new genetic material and for their high 
duplication and growth capability. The mechanism developed to exchange or 
incorporate new genetic material is due to a process known as horizontal 
transfer. Three mechanisms are involved in horizontal transfer: bacterial 
transformation concerning the releasing of DNA molecules into the media by 
donor bacteria followed by incorporation by the recipient bacteria (Fig 1A), 
bacterial transduction where a bacteriophage acting as carrier, transports the 
genetic material from the donor to the recipient bacteria (Fig 1B) and bacterial 
conjugation where bacteria establish direct contact, through a membrane 
projection, which enables the direct exchange of genetic material between 
bacteria (Fig 1C).[173]  
These mechanisms working together allow bacteria to efficiently tune their 
genome and through natural selection mechanism adapt to a wide variety of 
environments, including those with extreme conditions such as very high or low 
temperature surroundings, salty environments or even generate resistance to 
antibiotics.[171] 
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Figure 1. Horizontal gene transfer mechanism between bacteria 
Apart from horizontal transfer, bacteria have evolved to form biofilms. Biofilms 
are sessile communities of bacteria attached to a surface, frequently embedded 
in a matrix of extracellular polymeric substances.[174] Bacteria obtain many 
advantages of being part of biofilm, including resistance to antibiotic and 
disinfectants and enhanced adaptability to the media since biofilm community 
regulates bacterial gene expression, allowing bacteria to adopt phenotypic 
changes according to the surrounding environment. Biofilms are the major 
cause of morbidity and mortality due to medical implant associated infection, 
and cause important economical loses in other industries.[170]  
Biofilm formation is a sequential process of four different stages. The first stage 
involves the reversible interaction between bacteria and the surface material. 
This stage is driven by non-specific interactions, such as electrostatic, 
hydrophobic and Van der Waals forces. During this phase, bacteria are 
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passively attached onto material surfaces. In the second stage, the reversible 
interaction turns into irreversible, this is an active process mediated by Microbial 
Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs) 
such as adhesines. During this phase, bacteria accumulate on the infected 
surface and the biofilm is progressively built up. The third step comprises the 
maturation of the biofilm. In the last step, the bacteria forming the biofilm shift 
their phenotype to planktonic state to begin a new invasive cycle (Fig2).[171, 175, 
176]   
 
Figure 2. Biofilm formation process. First bacteria attached to surface by reversible 
interaction, in the second step bacterial adhesion turns from reversible to irreversible. 
The following steps involve the development of the biofilm and the realising of 
planktonic bacteria to colonize a new area.  
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1.2. Antibiotic Resistance  
Multidrug resistance (MDR) bacteria have emerged as a direct consequence of 
the high ability of bacteria to adapt to many environments by the mechanisms 
previously described. Antibiotics are still the treatment of choice against 
infections.[177, 178] However, over-the-counter access and low prices of these 
drugs[179] along with the lack of precise infection-diagnosis have resulted in an 
overuse of antibiotics and the emergence of MDR bacteria.[177] Today, infections 
by MDR bacteria have become one of the most serious health threats impacting 
our society. The slow development of new effective drugs and the high rate of 
appearance of new strains of MDR bacteria are causing a fast increase in the 
rate of patient morbidity infection caused by these pathogens. Consequently, 
the emergence of MDR bacteria has become a global threat that requires the 
organized action of governments, industry and civil society to developed new 
strategies to stop and prevent MDR bacteria spreading.[180]  
Bacteria have evolved a strong tendency to adhere to surfaces for survival 
reasons and as a matter of fact, bacterial adhesion has become a fundamental 
biological process. Surfaces provide important survival factors such as larger 
availability of nutrients as they accumulate on the surfaces [29, 30] and surfaces 
are also the platforms for forming protective biofilms. 
It is now widely recognized that mechanosensing of the physical environment 
plays a key role on the biological response of bacteria.[16, 81] Surface-associated 
behaviours arising from mechanosensing include processes such as the 
production of EPS, biofilm formation, bacteria movement, virulence and most 
importantly viability.[76] The initial contact to a surface has been acknowledged 
as the mechanical cue that triggers intracellular signalling cascades that guide 
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the phenotypic changes and ultimately determine the bacterial adhesion 
regime.[74] There are three regimes of bacterial adhesion to surface (Fig 3) 
These regimes are defined by the magnitude of the adhesive forces operating 
between bacteria and surface. In the different regimes of adhesion forces, it is 
predicted that a bacterium will undergo different degrees of cell wall deformation, 
which will trigger specific metabolic activity and ultimately determine the 
behaviour of adhering bacteria. There is mounting evidence that bacterial 
viability is dependent upon the magnitude of the force through which they 
adhere to a substratum surface. A strong correlation has been found between 
high adhesion forces and bacterial deactivation suggesting that adhesive forces 
can generate high mechanical stresses on the bacterial membrane, which turn 
lethal to the bacteria.[181] These findings have brought the attention to new 
antibacterial strategies based on surfaces that can mechanically induce 
bacterial death.  
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Figure 3. Three regimes of bacterial adhesion to surface. Extremely low interaction 
forces characterize planktonic regime, low adhesion forces cannot induce phenotypical 
changes. Interaction regime is chacterized by the increase of adhesion forces that 
induce phenotypical changes, usually involving EPS production to create a protective 
biofilm. Lethal regime is defined by forces higher than 10 nN, which are typical when 
surfaces are positively charged, the strong interaction lead to the membrane 
deformation causing bacterial death. Image reproduced with permission from Ref.[74] 
 
1.3. Strategies against bacterial spreading 
Commonly, the development of antibacterial materials has been based on the 
modification of chemical surface. However, chemical modification has several 
drawbacks, i.e. potential toxicity, short life performance due to the release of the 
chemical agent and potential immunogenicity. Moreover, the use of antibiotics 
as chemical agent for surface modification has been a common approach. 
However, this approach is temporary when the antibiotic load is depleted and 
moreover, it contributes to MDR bacteria emergence.[14] Other chemical 
coatings have been utilized like chitosan, quaternary ammonium compounds, 
and cationic surfactants, or inorganic compounds such as titanium oxide.[182] 
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Following the findings on the bacterial mechanosensing, the response to the 
physical characteristics of their surroundings and the influence of the adhesion 
force on bacterial viability, a new trend in the development of antibacterial 
materials has emerged.[74, 76] New strategies against bacterial spreading have 
shifted towards exploiting the physical properties of surface materials, including 
the topographical properties to prevent bacterial colonization.[183] 
After Bartholott and Neinhuis in 1997, first described the self-cleaning 
properties of lotus leaf based on its topographical characteristics.[184] Scientists 
have turned to nature for the design of artificial inspired materials with surface 
functionalities derived from the physical topographic parameters.[170] In this 
regard, the development of new micro and nano fabrication technologies has 
provided the tools to produce these topographies and to better understand 
bacterial adhesion to surfaces.[183] 
 
1.4. Natural Anti-bacterial Surfaces 
Nature has been an endless source of inspiration for researchers. The 
development of micro and nanofabrication techniques during last decades has 
triggered the expansion of a wide variety of bioinspired functional materials that 
can mimic the functional properties such as self-cleaning, antireflective, 
antifouling or antibacterial effects found in plant leaves, animal skins or insects. 
In particular for antibacterial surfaces, nature has many different examples 
across the different species from insects, reptiles or fishes.[185]  
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1.4.1. Insects 
Insects represent the 50% of eukaryotic species on Earth. They are made of by 
light-weight materials with different thickness ranging from 0.5 µm to 1mm.[186] 
Insects were first to develop powered flight, at least 90 million years before the 
earliest winged vertebrates.[171, 187] As an adaptation mechanism to 
environmental changes, insects have developed geometrical and non-smooth 
surfaces on their wings and eyes that allow them to reduce the contamination 
and retain the functionality of their surfaces.[102, 188, 189] The highly ordered 
structured surface, composed by micro- and nanometric features together with 
the organic composition of the insect cuticle provide them with interesting 
topographical properties such as superhydrophobicity, self-cleaning or 
antireflective surfaces.[171, 190]  
Over the last years many efforts have been directed to the study of insect 
topographical surfaces and derived physical properties. Some of the relevant 
examples are described below.  
1.4.1.1. Cicada Wing 
In 2012 Ivanova and coworkers, first reported the physical properties of the 
cicada wing. Psaltoda claripennis. The chemical composition characterized by 
X-ray diffraction was found to be mostly composed by chitin and waxes. [102, 191] 
Scanning electron microscopy (SEM) was used to characterize the cicada’s 
wing surface. SEM imaging revealed well-defined conical nanopillars set in a 
hexagonal array, with a height of 200 nm, a cap of 60 nm and a pillar interspace 
of 170 nm. The study of the physical properties of cicada wing revealed a 
superhydrophobic surface with an effective bactericidal surface against 
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Pseudomona aeruginosa. The bactericidal effect was assessed with the actual 
cicada wings and also gold-coated. The attachment of bacteria to the 
nanopillars produced bacteria membrane disruption, which led to mechanical 
rupture and bacterial death. This result signified that the cicada wing 
bactericidal effect was dependent solely on the physical topographical surface 
characteristics.[102] Subsequently, other works have emerged regarding the 
bactericidal effectiveness of cicada wing. Bactericidal properties of Cicada wing 
have been tested against a set of bacteria Gram negative and Gram positive 
bacteria with rod-like and coccal morphology. The cicada wing topography 
demonstrated effective bactericidal action against Gram negative bacteria, but 
poor bactericidal performance against Gram positive bacteria.[95] Further 
research has been carried out to determine the bactericidal effectiveness of 
other cicada subspecies, which differ on the geometrical arrangement and 
nanopillars’ dimensions on their wings. Kelleher et al correlated the bactericidal 
effectiveness with the physical dimensions of the cicada wing nanopillars. They 
analyzed height, diameter and interspacing of Megaponia intermedia, 
Cryptotympana aguila and Ayuthia spectabile. Although significant difference in 
height and diameter were seen, seemingly the most influencing parameter was 
interspacing. According to their results the higher spacing between pillars, the 
lower bactericidal effect against Pseudomona aeruginosa.[192] 
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Figure 4. Atomic force microscopy image and cross section profile of Cicada wing. 
Image reproduced with permission from Ref.[192] 
 
1.4.1.2. Dragonfly Wing  
Following the findings of cicada wing bactericidal properties, dragonfly wing was 
the also characterized. The surface architecture of dragonfly wing was found to 
be a randomly organized nanopillared surface, which is connected at their 
bases establishing a network, while the nanopillars’ caps remain disconnected 
or form clusters rendering hierarchical features. The mean value for nanopillars’ 
height measured about 240 nm. The chemical composition of the surface was 
found to be the same to that of the cicada wing. The characterization of the 
physical properties of dragonfly wing showed similar superhydrophobic 
properties to the cicada wing.[193] The characterization of antibacterial effect 
revealed that the dragonfly wing is an effective bactericidal topography against 
Gram negative and Gram positive bacteria, showing higher efficiency for the 
Gram positive bacteria. This effect was attributed to the taller nanopillars’ height. 
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As proposed by Mainwaring et al., the increase in the height of the 
nanostructure provides an increased ability for the nanopillars to deform the 
thicker Gram positive bacteria membrane, making this surface effective against 
both Gram negative and Gram positive bacteria.[96] 
 
Figure 5. Scanning electron microscopy imaging of. Dragonfly wing (Scale bar 400 nm). 
Image reproduced with permission from Ref.[96] 
 
1.4.1.3. Moth-Eye  
Another interesting topography derived property found in insects is the 
antireflective effect. For instance, insect compound eyes such as moth-eye, 
butterfly eye or fly eye present anti-reflection.[185] Therefore, the study of the 
antireflective properties of moth-eye has been an interesting subject of research 
for the interesting applications in optical devices. The natural moth-eye structure 
consists of highly ordered hexagonal arrays, with conical protuberances with 
height up to 250 nm and spacing between 200-250 nm. The smaller dimensions 
than the wavelength of light, allow a region of graded refractive index at the 
interface reducing the light reflected. This antireflective effect provides insects 
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an enhanced vision sensitivity even in low light conditions.[194] Conversely, no 
results have been reported before about antibacterial effect or 
superhydrophobicity of the moth-eye topography.  
 
Figure 6. Scanning electron microscopy imaging of Moth-eye (Scale bar 1 µm, Scale 
bar inset 100 nm). Image reproduced with permission from Ref.[185, 194] 
1.4.2. Gecko skin  
During the last years, geckos have been object of intense research due to their 
adhesion properties.[97] Many works have focused on the fibrillar (setae) 
adhesive structures on the gecko’s feet.[107, 195-197] In addition, the feet the 
gecko’s skin comprises of a hierarchical topography[97, 198, 199] containing a 
hierarchical arrangement of ordered dome shaped microstructures with a 
diameter of 100-190 m and 50 m height, covered by high-aspect-ratio 
spinules with a height of 4 m and a diameter ranging 10-30 nm. This 
hierarchical topography imparts on the gecko skin the properties of 
superhydrophobicity, self-cleaning, low adhesion and antibacterial function[97] 
Recently, the antibacterial properties were studied and it was reported to be an 
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effective bactericidal surface killing Gram positive and Gram negative 
bacteria.[99] 
 
Figure 7. Scanning electron microscopy imaging of hierarchical topography of gecko 
skin. Image reproduced with permission from Ref. [97, 99] 
1.4.3. Shark skin  
Underwater animals are another example of natural functional surfaces. Marine 
animals, such as dolphins, sharks, whales, carps or crabs have evolved 
mechanisms to prevent undesirable fouling by microorganisms. Fish scales are 
covered by oriented micropapillae with nanostructures. This hierarchical 
topography turns fish scales into superoleophobic in water environment.[171, 185]  
Shark skin can remain free from fouling organisms in spite of spending their 
entire lives under water. This fact has been object of study due to the 
interesting potential application in the design of antifouling surfaces. Shark skin 
is formed by very small tooth-like scales, consisting of a rectangular base with 
specially spaced riblets oriented parallel to swim orientation.[190] This 
hierarchical architecture minimize the adhesion of microorganism, reduce 
friction and decreased drag during shark gliding through water, which turn 
sharks into quick and efficient swimmers.[185]  
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Figure 8. Scanning electron microscopy imaging of Shark scales. Image reproduced 
with permission from http://asknature.org 
Therefore, these natural examples demonstrate the key role of surface 
topography to obtain specific functions.  
 
2. Biomimetic antibacterial surfaces 
Antibacterial natural topographies are growing increasing interest as non-
resistance causing approach to prevent infections. 
Bioinspired antibacterial surfaces have been fabricated on many different 
materials. Cicada wing topography has been reproduced on polymer and 
titanium and demonstrated to be effective against Gram negative bacteria.[100, 
200, 201] Inspired topographies of the dragonfly wing have been successfully 
reproduced on silicon[193, 202] and titanium[203] and demonstrated to be 
bactericidal against Gram positive and Gram negative bacteria. Acrylic replicas 
of the nanotipped hairs on the gecko skin have been proven to be effective 
against Gram positive and negative bacteria.[99] Shark skin has been 
successfully replicated on epoxy resin,[186, 187] PDMS,[204] and polypropylene[205] 
and experimented for applications such as aircrafts,[191] ship hulls,[188] swim 
suits[206] or aeroengine components.[207] 
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The moth-eye topography has been described and studied as a natural 
antireflective surface. However, the study of the bactericidal activity of this 
natural surface has not been undertaken before. Hence, in this thesis, a study 
of the bactericidal properties of the moth-eye mimetic polymer topography 
produced via polymer nanoimprinting is presented. The bactericidal effect of the 
imprinted topography is evidenced against three different bacteria frequently 
involved in biofilm-associated infections including the Gram positive pathogen 
Staphylococcus aureus (S aureus) and Gram negative Pseudomonas 
aeruginosa (P aeruginosa) and Escherichia coli (E. coli). Furthermore, the 
biocompatibility of the topography towards human keratinocytes (HaCaT) is 
investigated through studies of proliferation capability and spread morphology 
of the HaCaT cells seeded on the nanocone topography. HaCaT cells have 
been used as in vitro model to assess the biocompatibility of polymeric scaffolds 
for skin implants.[208-210] Keratinocytes were chosen as an in vitro model due to 
their well-known role in epidermal tissue regeneration and wound healing[211, 212] 
and their sensitivity to direct contact with surfaces.[108, 196]  
3. Experimental section 
3.1. Moth-eye mimetic topography fabrication. The moth-eye nanostructures 
were fabricated on Poly(methyl methacrylate) (PMMA). Initially, PMMA thin films 
were produced on glass cover slips (18 mm in diameter). Prior to that, the glass 
cover slips surfaces were activated with oxygen plasma (Tepla 600) at 300 W 
for 5 minutes, to improve the adhesion between polymer and glass. On the 
surface, a solution of PMMA (Mw 120.000, Sigma Aldrich) on toluene (7.5 wt %) 
was spin coated at 1000 rpm for 1 minute and subsequently, the films were 
annealed at 100 °C. The nanocone structures were created by a thermal 
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nanoimprint process. Initially, a working mold with the moth-eye topography was 
prepared. For this a master nickel mold (HT-AR-02, Temicon) was replicated. 
This was accomplished using two layers of polydimethylsiloxane (PDMS). First, 
hard PDMS (h-PDMS)(PP2-RG07, Gelest) was mixed and casted onto the 
nickel mold and after 30 minutes standing for the filling of the cavities, the mold 
was spun (1000 rpm for 1 minute). Subsequently, the h-PDMS was partially 
cured in an oven for 10 minutes at 80 ºC. After that, the soft PDMS (Sylgard 
184, Dow Corning) precursor and initiator were mixed, degassed and casted 
onto the partially cured h-PDMS layer and finally cured in an oven at 80 ºC for 
24 hours. Lastly, the mold was peeled off and kept in a clean room environment. 
Using the replicated PDMS working molds, the prepared PMMA films were 
imprinting by pressing these molds at 170 º C at 45 bar or pressure for 5 
minutes using an EITRE Nano Imprint Lithography system (Obducat). The 
polymer-mold assembly was cooled down to 70 °C before the pressure was 
released and the demolding was performed. The topography was imaged by 
SEM using an Auriga FIB-SEM system (Zeiss) and atomic force microscopy 
(AFM) using a Multimode 8 system (Bruker).  
3.2. Bacteria Culture and Live/Dead® BaclightTM Viability assays. 
Escherichia coli (CECT 516), Pseudomona aeruginosa (CECT 4628) and 
Staphylococcus Aureus (RN 4220) (Colección Española de Cultivos Tipo, 
Universidad de Valencia), were used to assess the bactericidal properties of the 
topography. The glycerol stocks of bacteria were incubated at 37 °C in 50 ml of 
Luria-Bertani media (LB) overnight. The bacterial suspension obtained was 
diluted to an optical density, OD600= 0.2. The imprinted and smooth PMMA 
substrates used for control were placed in 12 well-plates and incubated in static 
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conditions with 2 ml of bacteria suspension during 7 hours for E.coli and S. 
aureus and 5 hours for P. aeruginosa. After the incubation period, the PMMA 
substrates were gently rinsed using 1X Phosphate-buffered saline (PBS) 
(Fisher Scientific) and stained using Live/Dead® BaclightTM Viability Kit 
(Molecular Probes) (0.13 µl of stain diluted in 1 ml Tris-HCl) for 15 minutes in 
dark at room temperature. Finally, the PMMA substrates were rinsed with 1X 
PBS and mounted with BacLight mounting oil for visualization. The substrates 
were imaged on a fluorescent microscope. Live and dead bacteria were 
counted using the Image J image analysis software (NIH Image). Four 
independent trials with three replicates of each substrate were run.  
3.3. Bacteria-Moth-eye topography interaction. The interaction between 
bacteria and moth-eye mimetic topography was visualized by scanning electron 
microscopy (SEM). After the bacteria incubation period, all substrates were 
rinsed with 1X PBS prior to carry out the fixing process with 4% 
paraformaldehyde (PFA) (Sigma-Aldrich) for 15 minutes. Subsequently, the 
substrates were rinsed with increasing gradients of 0, 50, 75, 100% ethanol for 
5 minutes each. These substrates were air dried and sputter-coated with a thin 
layer of gold imaging on an Auriga FIB-SEM system (Zeiss). 
3.4. Cell proliferation assay. HaCaT cells expressing green fluorescent protein 
(GFP), were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Biowest) 
supplemented with 10% fetal bovine serum (Gibco), 1% L-Glutamine (Biowest) 
and 1% penicillin–streptomycin (Biowest) at 37 °C and 5% CO2 atmosphere. 
The growth and proliferation of the HaCaT cells was assessed on smooth 
PMMA and Polystyrene (PS) films and on the moth-eye imprinted topography. 
Three independent trials with three replicates of each substrate were run. 
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HaCaT cells were seeded at concentration of 20.000 cells/ ml. Cell viability was 
evaluated by a colorimetric method based on the reduction of Resazurin (blue) 
to resofurin (pink) due to the metabolic activity of viable cells. A solution of 
Resazaruin salt (Alfa Aesar) was prepared with a concentration of 10 µg/ml. 
Absorbance was measured during 15 days at 570 and 600 nm using a micro 
plate reader (H4 Hybrid Multi-Mode Microplate Reader, BioTek). 
 
3.5. Cell morphology imaging. HaCaT cells were seeded and cultured on the 
different substrates, and collected after 10 days. The cells nuclei were stained 
using Dapi (Molecular probes) and the expressed GFP was used for cytoplasm 
visualization. Prior imaging, the substrates were rinsed with 1X PBS and 
mounted on FluorSave reagent media (CalBiochem). Images of the stained 
cells were obtained through a fluorescent microscope (Leica). 
SEM imaging was also carried out to characterize the interaction between 
HaCaT cells and the topography. Before imaging, all substrates were rinsed 
with 1X PBS prior to the fixing process of bacteria with 4% paraformaldehyde 
(Sigma-Aldrich) for 15 minutes. Then the substrates were rinsed in increasing 
gradients of 0, 50, 75, 100% ethanol for 5 minutes in each dilution. These 
substrates were air dried and sputter-coated with a thin layer of gold. The cells 
on the substrates were imaged using an Auriga FIB-SEM system (Zeiss). 
3.6. Cellular morphology analysis. The morphology of the HaCaT cells was 
analyzed individually using the image analysis software Image J (NIH Image). 
Three independent trials with three replicates of each substrate were analyzed. 
Two different parameters were taking into account for quantification: area and 
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elongation. Elongation was defined as [major axis/minor axis] as the cells are 
fitted to an ellipse. Smooth PMMA substrates were used as control.  
 
4. Results and Discussion 
 
4.1. Moth-eye topography characterization 
PMMA was chosen as standard material to fabricate the moth-eye mimetic 
topography films because it is a polymer approved for medical applications and 
it is employed widely in intraocular lens implants.[213] It is also a commodity 
plastic used in a wide range of applications. The nanoimprinted moth-eye 
topography employed to quantify the bactericidal activity of the surfaces is 
displayed in Figure 9. The SEM (A) and AFM (B) images of the nanoimprinted 
substrates revealed a topography formed by well-defined nanocones disposed 
on hexagonal arrangement with dimensions close to those of the natural moth-
eye structures.[194] The array of nanocones shows a mean height of 350 nm and 
a feature width on the cap of 80 nm with a pitch of 250 nm and aspect ratio of 
4.3 (Fig. 9). The moth-eye topography exhibits similar nanofeatures' dimensions 
to those of the dragonfly wing[96] and the equal hexagonal arrangement of the 
cicada wing. [95, 192] 
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Figure 9. Moth-eye mimetic topography imaging and geometrical 
characterization by A) SEM, B) AFM three-dimensional image and C) AFM 
cross sectional profile. Scale bar 200 nm. 
 
4.2. Bactericidal effect of the moth-eye topography  
The bactericidal properties of the moth-eye topography were assessed through 
viability tests of cultured E. coli, P. aeruiginosa and S. aureus as model of Gram 
negative and Gram positive bacteria respectively. For this, bacteria were 
seeded on the imprinted substrates and smooth substrates as control and 
incubated during specific periods of time. After the culture period, the live and 
dead attached bacteria were counted from fluorescent microscopy images on 
the smooth and imprinted PMMA substrates. Figure 10 shows representative 
fluorescence microscopy images of the live-dead bacteria observed on the 
substrates. As it can be seen on the images, the coverage percentage and total 
amount of bacteria adhered onto the substrates were similar. However, the 
viability of the three bacteria tested was found significantly affected by the 
topography. The percentages of dead bacteria attached on control surfaces 
Bactericidal Moth-eye mimetic polymer topography 
108 
were found to be 5% for S. aureus and P. aeruginosa and 15% for E.coli. In 
contrast, a significant increase of the dead population of bacteria was seen on 
the moth-eye topographical substrates. On these substrates, the percentage of 
non-viable bacteria increased up to 55%, 45%, 30% for S. aureus, E. coli and P. 
aeruginosa respectively (Fig. 10D). This large increase on the amount of non-
viable bacteria provides evidence for the bactericidal effect of the moth-eye 
topography against Gram positive and Gram negative bacteria compared to the 
control surfaces. The local interaction and morphology of bacteria cultured on 
smooth and moth-eye substartes was examined through SEM imaging. For this, 
bacteria were fixed with PFA before imaging in order to preserve the bacteria 
morphology unchanged due to the high vacuum inside of the SEM chamber. 
The SEM images indicate that the bacteria seeded on smooth PMMA after the 
fixing procedue kept their typical morphology. As Figures 10 A'', 10 B'', 10 C'' 
show, the S. aureus retained the characteristic cocci shape and E. coli and P. 
aeruginosa kept their rod-like morphology. Conversely, for the bacteria attached 
onto the moth-eye topography displayed in Figures 10 A''', 10 B''' and 10 C''' for 
S. aureus, E. coli and P. aeruginosa respectively, it can be seen that some of 
them have lost their typical morphology and have adopted a squashed 
appearence indicative of the membrane damage or rupture with the release of 
the inner content. Similar bacterial morphology has been seen on bacteria 
attached to cicada wing and dragonfly wing inspired topographies.[96, 100, 193, 201, 
203] The moth-eye mimetic topography studied in this work, having a geometrical 
dimensions more similar to those of the dragon fly wing, reveals a comparable 
bactericidal effect.  
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Figure 10. Bactericidal properties of the moth-eye mimetic topography. 
Comparative flourescence imaging of live-dead S.aureus (A,A'), E.coli (B,B') 
and P.aeruginosa (C,C') incubated on pristine PMMA and moth-eye 
topography. Scale bar 5 µm. Comparative SEM imaging of the bacteria-
topography interaction of S.aureus (A'',A'''), E.coli (B'',B''') and P.aeruginosa 
(C'',C''') attached onto pristine PMMA and moth-eye topography. Scale bar 1 
µm. Bactericidal effectiveness plotting of smooth PMMA and moth-eye 
topography against S. aureus, E.coli and P.aeruginosa. Error bars correspond 
to the standard deviation. 
 
4.3. Bacteria-surface interaction: Bactericidal mechanism 
The bactericidal effect of bioinspired patterned surfaces has been attributed 
solely to a mechanical topographical effect on the surface adhered bacteria. 
The bactericidal mechanism has been described by physical models based on 
a severe increase in contact adhesion area upon bacterial attachmnet that 
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leads to fatal membrane stretching followed by bacterial death.[96, 214, 215] 
Referring to the simulations performed by Li,[214] the moth-eye topography here 
described with a diameter of 80 nm and a height of 350 nm, it is predicted to 
have optimal dimensions to induce a high stretching degree hence, strong 
bactericidal effect.  
Topographical surfaces with high density of nanostructures with feature size 
smaller than that of bacteria, initially offer an effective decrease in the contact 
area available for adhesion. In the case of the moth-eye topography, the 
contact area fraction corresponding to the top cone surface is approximately 0.2. 
Hence, upon initial attachment, bacteria will try to increase the area of contact 
with the surface pursuing an optimal interaction, which will lead to a bacterial 
membrane deformation around the nanocones. This deformation will bring 
closer molecules from the bacteria membrane to moth-eye surface[76] mimicking 
a zipper's mechanism and increasing the adhesion points as a result the 
adhesion force. Concomitantly with membrane deformation, due to the increase 
in contact area between the bacteria and the nanocones, stretching forces 
would appear on the suspended part of the membrane between nanocones. 
When the stretching force reaches the critical breaking value beyond the 
membrane stretching modulus, the bacteria membrane will rupture and would 
lead to the bacterial death. This process is represented in Figure 11.[215, 216]  
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Figure 11. Schematic of the bactericidal mechanism proposed for the moth-eye 
mimetic topography. During the initial attachment the interaction between 
bacteria and surface is reversible, once bacteria-surface interaction becomes 
irreversible bacteria increase the contact area to reach the optimal adhesion, 
the presence of moth-eye mimetic topography causes membrane deformation 
that leads to bacterial death.  
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4.4. Biocompatible properties of moth-eye mimetic topography 
Despite the interest on antibacterial topographies for medical implants and 
tissue regeneration, only few works have determined the impact of bactericidal 
topographies on eukaryotic cell response.[100, 200, 202, 203, 217] On the other hand, it 
is widely recognized that the substrate topographic features can elicit specific 
cell functions and ultimately influence the cell response.[35, 44, 48, 217, 218] Titanium 
nanowires inspired on the cicada wing topography have shown to be 
antibacterial substrates that support human osteoblast cells proliferation.[100] 
Dragonfly wing titanium inspired bactericidal nanostructures have also proven to 
be suitable surfaces for fibroblast proliferation.[203] Black silicon has been shown 
recently to support fibroblast spreading and at the same time had a reduced 
inflammatory response when implanted in mice.[202] Keratinocytes have a key 
role on skin formation and particularly HaCaT cells have been reported to have 
a high sensitivity towards non biological surfaces.[108, 196] Only few works on 
polymer nanofibers scaffolds have been described to be suitable for HaCaT 
adhesion and normal cell functions.[107, 208, 219, 220] Here, the biocompatible 
properties of moth-eye mimetic topography towards HaCaT cells were 
evaluated to address their potential application in biomedical devices.  
Initially, the HaCaT cell proliferation and morphology on smooth PMMA and 
moth-eye topography were characterized. HaCaT cells were cultured on moth-
eye patterned and smooth PMMA films and on smooth polystyrene as control 
surface because it is the material widely employed cell culture. The cell 
proliferation monitored during 15 days is plotted in Figure 12A. Cells entered 
into the logarithmic phase on the 9th day, the maximum growth level was 
reached in the 13th day and there was a reduction of the cell viability in the 15th 
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day by overcrowding and exhaustion of the medium. The three different 
substrates exhibited the same growth profile as depicted in Figure 12A, 
indicating that moth-eye mimetic topography did not produce any apparent 
detrimental effect on the viability of HaCaT cells.  
The influence of moth-eye topography on HaCaT cells´ morphology was also 
evaluated comparatively to the smooth PMMA by fluorescence microscopy 
imaging (Fig. 12B, 12B'). The HaCaT cells were collected at the beginning of 
log phase where the cell spreading and cell elongation were obtained. The 
HaCaT cells exhibited an extended morphology on the smooth PMMA 
substrates and moth-eye mimetic topography. Cell spreading (Fig. 12C) and 
elongation (Fig. 12D) mean values did not reveal significant changes, indicating 
that the nanostructured surface did not significantly influence the HaCaT cell 
response. 
SEM imaging was used to study the influence of the surface on cell morphology 
and cell-topography interaction. Figure 12B'', 12B''' shows the morphology of 
HaCaT cells cultured on smooth PMMA and on the moth-eye topography. 
HaCaT cells appear forming small colonies attached to smooth PMMA and on 
to the moth-eye topography, and no significant morphologycal changes were 
observed on the SEM images what is consistent with the images obatined by 
fluorescence microscopy.  
These results indicate that the nanometrical dimensions of the moth-eye 
mimetic topography do not impact HaCaT cell adhesion, proliferation or 
morphology appearing as a suitable surface to support cell development. 
Hence, the moth-eye mimetic topography appears to be a promising 
bactericidal topography with biocompatible properties which can potentially 
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facilitate the hot tissue integration process of implantable devices or resorbable 
scaffolds for tissue renegeration. 
 
 
Figure 12. Biocompatible properties of moth-eye mimetic topography. (A) 
HaCaT cell proliferation profile on polysterene, smooth PMMA and on the moth-
eye topography. (B) Fluorescence Imaging (B,B', Scale bar 50 µm) and SEM 
imaging (B'' Scale bar 20 µm ,B''' Scale bar 2 µm) of HaCaT cells seeded on 
smooth PMMA and on the moth-eye topography. (C) Cell spreading and (D) cell 
elongation of HaCaT cells seeded on smooth PMMA and on the moth-eye 
topography. Error bars represent standard deviation. 
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5. Conclusion 
Bioinspired bactericidal polymer topography mimicking the nanostructures 
present on the moth-eye has been fabricated on polymer using thermal 
nanoimprinting. This surface has been proven to be an effective bactericidal 
topography against Gram positive and Gram negative bacteria. 
Mechanistically, the results support the theoretical models proposed before 
where the mechanical rupture of bacteria by the nanocone of the surfaces is the 
result of the stretching force on the membrane of bacteria pursuing a stable 
attachment leading to the bacterial death.  
Moreover, the biocompatibility of the moth-eye mimetic topography towards 
human keratinocytes has been demonstrated. The topography did not induce 
dramatically changes in cell morphology or the general biological response.  
In summary, this study indicates that moth-eye mimetic polymer topography is a 
broad spectrum non-resistant causing bactericidal surface that at the same time 
supports mammalian cell growth and proliferation. This study serves to support 
a technology that may launch a new and innovative direction on the design of 
biomaterials with capacity to reduce the risk of medical device-associated 
infections while enhancing host tissue integration making these surfaces 
valuable for regenerative medicine and bio-implant applications.
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1. Introduction  
Since the ancient times, Egyptians, Greeks and Romans used metals such as 
silver, copper, zinc or mercury to contain and preserve water and food supplies. 
Silver has been employed in wound dressing to treat infections from burn 
injuries and wounds.[221-223] However till today, the bactericidal mechanism 
remains unclear. There are two main accepted mechanisms to explain 
bactericidal effect of metallic materials. The first mechanism is the releasing of 
positively charged metallic ions into the media. The positive ions could screen 
and destabilize the negative charge of the bacterial membrane.[224] The second 
mechanism could be that the dissolved metal ions could react with bacterial 
membrane proteins altering membrane integrity.[222] For instance, silver as the 
most used antibacterial metal has been widely study and it is accepted that its 
bactericidal activity is primarily due to the reaction of silver ions with disulfide or 
sulfhydryl groups of the cysteines’ side chains. This reaction induces 
conformational changes in the proteins causing the loss of their function. Once 
the membrane permeability is compromised, silver ions can enter into the cell 
targeting DNA, ribosomes and intracellular proteins causing irreversible damage 
on bacteria.[225]  
Other alternative mechanism is based on the capacity of metals to participate in 
redox reactions. Redox-active metals can generate or catalyze reactive oxygen 
species (ROS). ROS create an oxidative stress that can induce damage of cell 
proteins, lipids and DNA,[226, 227] if they exceed the antioxidant capacity of the 
cell.[224] 
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Today metal oxides, such as TiO2 and ZnO, have emerged as very attractive 
antibacterial agents because of their stability, low cost, low toxicity and their 
photocatalytical properties.[228]  
A photocatalyst is defined as a material that can absorb light generating 
electron-hole pairs that enable the chemical transformation of reaction 
participants and it is self-regenerated after each cycle.[228] 
 
Figure 1. Schematic representation of the principle of photocatalytical process. 
Reproduced with permission from Ref.[229] 
Semiconductor metal oxide photocatalyst (e.g. TiO2 or ZnO), absorb light 
creating electron-holes pairs that can be transferred to other molecules present 
on the surface of the photocatalyst. Typically, the electron is transferred to an 
acceptor molecule if the redox potential is lower than the conduction band (CB) 
of the photocatalyst, whereas a hole can be transferred to a donor molecule if 
its redox potential is higher than the valence band (VB) of the photocatalyst. 
(Fig 1).[229] 
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In aqueous solution, semiconductor materials under UV or visible light exposure 
can produce ROS. The interaction between water molecules and the 
photogenerated electron holes produces •OH and H+. In addition the electron 
can reduce O2 molecules present in water and yield the superoxide anion (
•O2
−), 
which can be transformed into singlet oxygen (1O2). These species can react 
and combine between them (Fig 2) yielding different ROS that are pernicious to 
bacteria.[230]  
 
Figure 2. Generation of reactive oxygen species and formation of additional active 
molecules. Image modified with permission from Ref.[230] 
The ROS generated exhibit different bactericidal action. For instance, 
superoxide and hydroxyl radicals cannot penetrate the membrane due to their 
negative charges. Therefore, it is common to find these species in the outer 
surface of bacterial membrane causing peroxidation of unsaturated 
phospholipids damaging membrane architecture (Fig. 3). ROS action on 
bacterial membrane can cause conformational changes of membrane proteins, 
altering fluidity and integrity, which ultimately finishes with an ionic imbalance 
that leads to bacterial death.[231]  
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Figure 3. Membrane damage produced by the oxidative action of ROS. Image 
reproduced with permission from Ref.[230] 
In contrast, hydrogen peroxide molecules are able to pass through the bacterial 
membrane causing internal cell damage by damaging the respiratory enzymes, 
decreasing the ATP production, or DNA and proteins causing bacterial 
death.[230] 
Thus, the increase of ROS production by photocatalyst materials induces 
damage of phospholipids, lipoproteins and nucleic acids, which finally causes 
the death of bacteria.  
1.1. Metal and metal oxide nanoparticles as effective antibacterial 
materials.  
Recently, the advances in nanotechnology in the synthesis of nanoparticles 
(NP) have provided a new route to formulate effective antibacterial 
materials.[232] The large surface to volume ratio provides NPs with and 
enhanced mechanical, chemical, electrical, optical and magnetic properties 
compared to the bulk material and have been extensively used for biological 
and biomedical research.[233, 234] Thus, metal and metal oxide nanoparticles 
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have emerged as an effective antibacterial treatment against infectious disease 
including the antibiotic-resistance ones.[175, 235]  
Chemical synthesis routes to obtain different size and shaped nanoparticles 
have been intense subject of research and many works have addressed the 
bactericidal mechanism and the influence of the morphological parameters of 
the nanoparticles on their antibacterial effect. The bactericidal effect of metal 
and metal oxide nanoparticles has been previously evaluated. Ag, Cu, CuO, 
ZnO, TiO2, Au, are the most common nanoparticles used as antibacterial 
materials. Ag nanoparticles have been the most extensively employed inorganic 
nanoparticles as antimicrobial materials as they have been found to be effective 
bactericidal material against Gram positive[236] and Gram negative[237] bacteria. 
The influence of size and morphology on bactericidal properties has been 
evaluated,[238] as well as the bactericidal effectiveness of Ag2O nanoparticles. 
Ag-Au alloys have been shown as interesting alternative to developed effective 
non-resistance antibacterial materials.[239]  
Analogous to the bulk metals, the antibacterial mechanism of nanoparticles 
remains unclear. The most accepted mechanism is related to the metal ion 
release and photocatalytic activity.[240] Moreover, the positive surface charge of 
metal nanoparticles facilitates the interaction with the negatively charged 
bacterial membrane resulting in an enhancement of the antibacterial 
properties.[175, 241] For instance, Ag nanoparticles have been reported to act 
mainly by ion releasing, silver ions can target membrane proteins and interfere 
metabolic processes and DNA replication.[238, 242] Bactericidal action of TiO2 
nanoparticles is based in the photocatalytical properties of this material as 
explained before. Under UV light TiO2 produce ROS generating oxidative stress 
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that leads to bacterial death.[243, 244] The specific bactericidal mechanism of ZnO 
nanoparticles is not fully known, but it is acepted that this nanoparticles can act 
through photocatalysis, ion releasing, and membrane disruption through direct 
contact or by internalization into the cell.[245, 246] CuO nanoparticles act through 
direct interaction with bacterial membrane and damaging vital bacterial 
enzymes.[247, 248]  
However, in spite of the low toxicity exhibited by metal oxide nanoparticles, the 
widespread use of these nanomaterials and possible accumulation in the 
environment is a reason of concern due to ecotoxicity to other organisms 
including earth autochthonous micro flora (bacteria, fungi, algae) and non-target 
organisms such as aquatic species [20-21].[175, 235] Accordingly, until the toxicity 
mechanisms of the metal oxide NP are completely elucidated, there is a need to 
reduce the use of NPs. 
To this end, the binding of nanoparticles into polymer matrices appears to be an 
interesting approach to reduce the environmental impact.[249] 
1.2. Polymer nancomposites.  
A nanocomposite is a matrix to which nanoparticles have been added to 
improve a particular property of the material. Due to the addition of 
nanoparticles, general properties such as mechanical strength or toughness 
improve significantly. Other properties, depending on the nature of the 
nanoparticles such as electrical or thermal conductivity can be improved as 
well.[250, 251] Antibacterial properties have been also achieved with 
nanocomposites, by incorporation of nanoparticles such as copper and mostly 
silver,[14, 181] and the oxides like ZnO and TiO2.
[109, 252] 
Chapter 5 
125 
Nanocomposite manufacturing is generally performed by dispersion of the 
nanoparticle fillers within the polymer matrix. The methods employed to 
fabricate nanocomposites include: intercalation method, in situ polymerization, 
sol gel method and direct mixing of polymer and nanofillers.  
The common method employed for the fabrication of nanocomposites using 
thermoplastic polymers as matrix, is direct mixing or blending. This requires to 
bring the polymer to the molten temperature where the nanoparticles are 
dispersed by mechanical shear (Fig. 4).[224] The uniform and homogeneous 
dispersion of nanoparticles in the polymer matrix is one of the main challenges 
faced during polymer nanocomposite fabrication because the nanofillers have a 
tendency to form aggregates. These aggregates degrade the properties of 
nanocomposites. An additional challenge in the melt blending process is the 
excess of temperature produced due to shear resulting in the degradation of the 
polymer.[253] 
 
Figure 4. Extrusion-blow moulding of polymer s:1, reciprocating screw, 2. compressed 
air; 3. hopper;4. granules;5. barrel; 6. heaters;7.grinding, mixing;8.actuator's hydraulic 
generator; 9. draw plate;10. core/punch. Image reproduced from 
https://commons.wikimedia.org/wiki/  
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2. Antibacterial and Cytotoxic action of Nanocomposites  
The antibacterial action of several nanocomposites has been reported 
before.[254] Metal oxide particles such as TiO2, ZnO and to a lesser extent CuO 
are growing interest as fillers due to lower toxicological concerns. Synthetic 
polymers such as PMMA, polyester or acrylics combined with TiO2 and ZnO 
have been shown to be effective antibacterial nanocomposites against Gram 
positive and Gram negative bacteria.[109, 252, 255, 256] Biological polymers such as 
chitosan or cellulose have been combined with CuO and TiO2 nanoparticles to 
effectively reduce bacterial proliferation.[257-259] These results prove that despite 
of being embedded on a polymer matrix, the bactericidal properties of the 
nanoparticles are retained. 
The cyto-toxicity of metal oxide nanocomposites has also been investigated in 
few studies; Schwartz and coworkers[260] found that ZnO polymer composites 
are non-cytotoxic towards a mammalian cell line at bactericidal loadings. Wu et 
al., also found a negligible cyto-toxicity for the nanocomposites containing poly 
lactic glycolic acid (PLGA) and TiO2 NPs with concentrations up to 10%.
[255]  
Nonetheless, there are still concerns on their safety for humans particularly on 
the free NPs form because the mechanisms of action still are not fully 
known.[245] On the other hand, as mentioned above, free nanoparticles in the 
environment pose an ecological risk for other organisms including earth 
autochthonous micro flora and aquatic species.[247, 248] Consequently, until the 
toxicity mechanisms of the metal oxide NPs are completely unraveled, there is a 
need reduce the amount of nanoparticle used and to design products with 
contained toxicity and with reduced environmental impact; products that enable 
the safe disposal or recovery for recycle of the nanoparticle.  
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Given these premises, this thesis reports a practical processing method based 
on nanoimprinting replication to fabricate a moth-eye mimetic antibacterial 
nanocomposite surface with enhanced bactericidal efficacy. The method allows 
an efficient nanoparticle-matrix dispersion and topography imprinting in a single 
step. Accordingly, the method permits decreasing the NP load employed, which 
is limited and contained within the effective surface. 
The nanoparticles in synergy with the topography conferred antibacterial action 
versus Gram positive and Gram negative bacteria in the presence UV light for 
TiO2 NPs and in its absence in the case of ZnO. Bacterial inhibition ranges from 
60-90%. The biocompatibility of the PMMA-ZnO bio-inspired bactericidal 
nanocomposite towards human keratinocytes is also studied and demonstrated. 
Overall, this work aims at providing a safe by design moth-eye patterned 
nanocomposites with a synergic bactericidal activity as new emerging, non-
resistance causing efficient antibacterial materials with no cytotoxicity. 
3. Experimental section 
3.1 Synthesis of TiO2 nanoparticles TiO2 nanoparticles were synthesized by 
the hydrothermal method described before by Burnside et al.[261] For this, 20 ml 
of Titanium isopropoxide (IV) (Acros organics) was added to 36 ml of deionized 
water and the mixture was stirred for one hour. The resultant product was 
filtered and washed for three times using deionized water. The solid obtained 
after filtration was placed into a Teflon-lined titanium autoclave and mixed with 
3.9 ml of 0.6 M tetramethylammonium hydroxide (Sigma Aldrich). The reactants 
were placed in an oven at 120°C for 14 hours. The resultant colloid was 
centrifuged two times at 10.000 rpm for 10 min to remove aggregates. The 
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obtained aqueous solution contained a 24 % wt of nanoparticles, with a 
diameter of 24 nm as measured by dynamic light scattering (Malvern Zetasizer). 
For the fabrication of nanocomposite films, the TiO2 nanoparticles were further 
dispersed in methanol (0.5 % wt.) by ultrasonication. 
3.2 Modification of ZnO nanoparticles. ZnO nanoparticles with an average 
diameter of 20 nm (Nanoamor) were silanized to improve their dispersion. For 
this, 1 gr of ZnO nanoparticles was dispersed in 100 ml of deioneized water by 
ultrasonication for 10 min. To this, 1 ml of the silane agent 3-
aminopropyltriethoxysilane (APTMS, Sigma-Aldrich) was added in the 
dispersion. The mixture was stirred for 24 hours at 95 0C. Then the dispersed 
nanoparticles were separated from the solvent by centrifugation at 10000 rpm 
10 min, followed by washing with methanol to remove the excess of silane. The 
modified particles were then dried in an oven at 100 oC for 24 h in vacuum. For 
the fabrication of nanocomposites a modified ZnO nanoparticle dispersion was 
prepared in methanol (0.5 % wt.) by ultrasonication. 
3.3 Fabrication of PMMA bioinspired nanocomposites. The bioinspired 
nanocomposites were fabricated on (PMMA). First, PMMA thin films were 
produced on glass cover slips (18 mm in diameter). The glass cover slips 
surfaces initially were activated with oxygen plasma (Tepla 600) at 300 W for 5 
min to improve the adhesion then, a solution of PMMA (Mw 120.000, Sigma 
Aldrich) on toluene (7.5 wt %) was spin coated at 1000 rpm for 1 min and 
formed films annealed at 100 °C. Subsequently, the films were activated with 
oxygen plasma (Tepla 600) at 50 W for 1 min. Next, TiO2 or ZnO nanoparticle 
dispersions were spin coated on the surface of the PMMA film. The moth's eye 
nanostructures from a Ni nickel mold (HT-AR-02, Holotools) were replicated on 
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PDMS and the replica mold was used for the nanoimprinting processes. On the 
PMMA-NP film, the moth-eye nanocomposite structures were nanoimprinted at 
170 oC and 45 bars for 5 min using an Eitre 3 system (Obducat). Smooth 
nanocomposites for the control experiments where fabricated using a flat slab of 
PDMS. The nanocomposite substrates were imaged by SEM using an Auriga 
FIB-SEM system (Zeiss) and AFM using a Multimode 8 system (Bruker).  
3.4 NPs and free Zn and Ti ions released from the nanocomposites 
determination. 
Nanocomposite imprinted films with a surface of 0.25 cm2were immersed on 
2ml of PBS 1X for 7 h. On the solutions, dynamic light scattering and 
absorbance measurements were performed to detect free NPs released. The 
concentration of free ions was determined form Inductively couple plasma-mass 
spectroscopy (ICP-MS) measurements  
3.5 Detection of ROS production  
To verify the production of hydroxyl radicals from the ZnO composite films in the 
dark ﬂuorescence spectroscopy using terephthalic acid (TA) as the trap agent 
was employed. TA reacts with •OH and forms 2-hydroxy-terephthalate which 
fluorescence emission correlates to the hydroxyl radical concentration. In a 
typical procedure, nanocomposite imprinted films with a surface of 3 cm2 are 
immersed on 3 ml of TA solution (2mM) and stirred in the dark. At intervals of 1 
hour, the fluorescence emission of the solution at excitation wavelength of 312 
nm is read at 425 nm 
 
3.6 Bacteria Culture and Live/Dead Viability assays. Escherichia coli (CECT 
516), Pseudomona aeruginosa (CECT 4628) (Colección Española de Cultivos 
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Tipo, Universidad de Valencia), and Staphylococcus aureus (RN 4220) were 
used to assess the antibacterial properties of the topography. The glycerol 
stocks of bacteria were incubated at 37 °C in 50 ml of Luria-Bertani media (LB) 
overnight (pH= 7.6). The obtained bacterial suspension was diluted to OD600= 
0.2. The imprinted PMMA nanocomposites and flat ones for control were placed 
in 12 well-plates and incubated in static conditions in dark conditions with 2 ml 
of bacterial suspension for 7 hours for E.coli and S. aureus and 5 hours for P. 
aeruginosa. After the incubation period, the TiO2 nanocomposites were exposed 
to UV light with a maximum intensity at 356 nm, i.e. in the UV-A region 
nonhazardous to bacteria ((UVASPOT 400/T, Honle) providing 80 mW/cm2 of 
light intensity for 2 min. Then, PMMA substrates were gently rinsed using PBS 
1X (Fisher Scientific) and stained (0.13 µl of stain diluted in 1 ml Tris-HCl) using 
Live/Dead® BaclightTM Viability Kit (Molecular Probes) for 15 min in the dark at 
room temperature. Lastly, the PMMA substrates were rinsed with PBS 1X and 
mounted with BacLight mounting oil. The substrates were imaged using a 
fluorescent microscope (Leica). Live and dead bacteria were counted using the 
Image J image analysis software by NIH. Four independent trials were run with 
three replicates of each substrate.  
3.7 Bioinspired nanocomposites-bacteria interaction. SEM was used to 
imaging the interaction between bacteria and moth-eye inspired 
nanocomposites. Prior imaging, all substrates were rinsed with PBS 1X and 
then fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 15 min. 
Subsequently, the substrates were rinsed in increasing gradients of 0, 50, 75, 
100% ethanol for 5 min each. These substrates were air dried and sputter-
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coated with a thin layer of gold and imaging on an Auriga FIB-SEM system 
(Zeiss). 
3.8 Cell proliferation assay. Human keratinocytes (HaCaT) expressing green 
fluorescent protein (GFP) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, Biowest) supplemented with 10% fetal bovine serum (Gibco), 1% L-
Glutamine (Biowest) and 1% penicillin–streptomycin (Biowest) at 37 °C and 5% 
CO2 atmosphere. 
The growth and proliferation of the HaCaT cells was monitored on Polystyrene 
(PS) films, smooth and nanostructured PMMA and on smooth and moth-eye 
patterned nanocomposites. Three independent trials with three replicates of 
each substrate were run. HaCaT cells were seeded at concentration of 20.000 
cells per ml. Cell proliferation was evaluated by a colorimetric method based on 
the reduction of Resazurin (blue) by the cell metabolic products to resofurin 
(pink). The solution of Resazurin salt (Alfa Aesar) was prepared at a 
concentration of 10 µg/ml. Absorbance measurements were taken over a period 
of 15 days at 570 and 600 nm using a H4 hybrid micro plate reader (BioTek). 
 
3.9 Cell morphology imaging. HaCaT cells were seeded and cultured on the 
different substrates, and collected after 9 days corresponding with the 
beginning of the log growth phase and on the 15th day after the maximum 
growth level. The cells nuclei were stained using Dapi (Molecular Probes) and 
the expressed GFP was used for cytoplasm visualization. Prior imaging, the 
substrates were rinsed with PBS 1X and mounted on FluorSave reagent media 
(CalBiochem). Images were obtained using a fluorescent microscope (Leica). 
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Cell morphology was analyzed using the Image J image analysis software by 
NIH  
 
4. Results and Discussion 
4.1. Moth-eye mimetic nanocomposites film fabrication and 
characterization 
PMMA is a polymer accepted by the United States Food and Drug 
Administration as biomaterial and it is commonly employed in ocular implants. It 
is also a commodity plastic used in a wide range of applications. PMMA as 
thermoplastic, it is readily processable by thermal nanoimprinting, for the 
fabrication of the antibacterial moth-eye patterned nanocomposites. A new 
practical process was developed that allowed to create nanocomposites and 
moth-eye patterns in a single processing step. The fabrication starts by layering 
a PMMA solution onto a glass substrate by spin coating. Subsequently, a 
methanol dispersion of the NP (0.5 %wt) is spin-coated onto the PMMA film. In 
the next step, the films are imprinted by a thermal process using a PDMS 
replica mold patterned with the moth-eye topography. After cooling, the films 
are de-molded obtaining the polymer moth-eye structures filled with dispersed 
nanoparticles. 
This method allows material saving due to the presence of NPs only in the 
effective area at the same time that we obtained multifunctionality is obtained 
derived from the topographical elements that provide superhydrophobic, 
antireflective or antibacterial properties, and the nanoparticles, which enhance 
this functionalities and provide new ones as photocalytical effect at the same 
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time that improve the mechanical resistance of the polymer.[262] The fabrication 
process is depicted in Figure 4. 
 
 
Figure 4. Fabrication process of nanocomposites by nanoimprinting replication 
 
The quality of the replication was assessed by SEM and AFM imaging. As 
displayed in Figure 5A and 5B the SEM and AFM images of the nanoimprinted 
substrates revealed a topography formed by well-defined nanocones disposed 
on hexagonal arrangement with the NPs homogeneously distributed and 
embedded into the nanocones´ matrix. The absence of pronounced 
agglomerates is indication of a strong interfacial interaction between the organic 
functional groups of the grafted particles and the matrix leading to intimate 
filler/matrix contact.  
From the AFM images, the height of the topography was determined to have a 
mean height of 310 nm and a feature width on the cap of 60-80 nm with an 
aspect ratio of 3.8 and a pitch of 250 nm (Fig 5C). These dimensions are in 
good agreement with those of the original mold and as such, we can 
corroborate the good pattern fidelity of the nanocomposite imprinting process. 
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Figure 5. Moth-eye mimetic nanopatterned nanocomposite images and geometrical 
characterization by A) SEM, B) three-dimensional AFM imaging and C) AFM cross 
sectional profile of moth-eye mimetic nanostructures. Scale bar 200 nm. 
 
4.2. Antibacterial effect of moth-eye inspired nanocomposites. 
4.2.1. Antibacterial properties of ZnO-PMMA nanocomposites 
To determine the bactericidal activity of the ZnO-PMMA films, the viability of E. 
coli, P. aeruginosa and S. aureus was assessed as model of Gram negative 
and Gram positive bacteria. After the defined incubation periods of the bacteria 
suspensions on the substrates, the live and dead bacteria attached on to the 
surfaces were fluorescently stained and counted from fluorescent microscopy 
images. Figure 6 shows representative fluorescence microscopy images of the 
different live-dead bacteria populations observed on the PMMA-ZnO moth-eye 
imprinted and smooth nanocomposites and smooth and imprinted PMMA used 
as controls. The results reveal a bactericidal efficiency around 50% for S.aureus 
and E.coli and 30% for P.aeruginosa of the smooth PMMA-ZnO nanocomposite 
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surfaces and similar for the case of the moth-eye mimetic topography. However, 
the population of dead bacteria increased up to 80% percent for S.aureus and 
E.coli and 60% for P.aeruginosa when bacteria are cultured onto ZnO-
nanocomposites moth-eye imprinted topography (Fig 6), underlying the 
synergistic bactericidal effect of topography and ZnO. 
 
Similar bactericidal efficacy have been reported before for nanocomposites of 
ZnO NPs and biopolymers[195, 263] and biocompatible polymers such as 
PMMA[109] and poly lactic acid (PLA).[207]  
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Figure 6. Bactericidal efficiencies of moth-eye mimetic ZnO nanocomposite topography. 
Comparative flourescence imaging of live-dead S.aureus, E.coli and P.aeruginosa 
incubated on smooth PMMA and ZnO-PMMA nanocomposites and on PMMA and ZnO 
nanocomposite moth-eye topographies. Scale bar 5 µm. Error bars represent standard 
deviation. 
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4.2.2 Antibacterial efficacy of the TiO2-PMMA nanocomposite 
Similar methodology was employed for the study of the bactericidal efficacy of 
smooth and moth-eye patterned PMMA-TiO2 nanocomposites. Initially, bacteria 
cultured onto smooth PMMA and onto the moth-eye mimetic substrates were 
exposed to UV light for 2 min to account for any bactericidal effect due to the 
radiation in the absence of TiO2 NPs (Fig. 7) 
Likewise, as control, the bactericidal effect of the smooth PMMA-TiO2 composite 
comparatively to the neat PMMA and in absence of UV light was examined and 
no evidence of bactericidal action was found (Fig. 8)  
Hence, for the case of PMMA-TiO2 composites a UV exposure was performed 
to induce the photocatalytic bactericidal effect of the NPs.  
Figure 7 shows representative fluorescence microscopy images of the different 
live-dead bacteria populations observed on the PMMA-TiO2 moth-eye imprinted 
and smooth nanocomposites and smooth and imprinted PMMA substrates used 
as controls. The results revealed a reduction of the bacterial load about 50% for 
both of the moth-eye PMMA topography and the smooth PMMA-TiO2 
nanocomposite upon UV illumination. However, this percentage increased up to 
90% for the three bacterial strains (Fig. 7) for the moth-eye PMMA TiO2 
patterned nanocomposite.  
These results are in good agreement with previous observations where TiO2 
polymer nanocomposites have been shown as effective bactericidal 
materials.[258, 264, 265] The bactericidal mechanism of TiO2 nanoparticles due to 
photocatalytic reactions and resulting formation of ROS is well accepted. 
Exogenous ROS at high concentration can produce lipid peroxidation and 
protein damage causing destruction of the bacteria membrane that would lead 
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to the bacterial death.[235] Recent studies have provided further evidence of the 
mechanism of ROS mediated alteration of gene expression related to regulatory, 
signaling and growth process photoinduced by TiO2 that ultimately lead 
bacteria death.[266] 
 
Figure 7. Bactericidal efficiencies of moth-eye mimetic TiO2 nanocomposite topography. 
Comparative flourescence imaging of live-dead S.aureus, E.coli and P.aeruginosa 
incubated on smooth PMMA and nanocomposites and moth-eye mimetic PMMA and 
TiO2 nanocomposites topography. Scale bar 5 µm. Error bars represent standard 
deviation. 
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Figure 8. Bactericidal action against S.aureus of smooth and nanopatterned TiO2 in the 
absence of UV light exposure.  
 
4.3. Bacteria-surface interaction: Bactericidal mechanism 
The morphological observation by SEM imaging of the bacteria attached to the 
surfaces of smooth and moth-eye patterned nanocomposites in Figure 9 reveals 
distinct morphological changes as well as membrane damage (red arrows) on 
the bacteria grown onto the nanocomposite surfaces. In Figure 9E (blue arrow) 
can also be appreciated the presence of EPS secretion indicating a 
compromised bacterial membrane integrity caused by the bacteria 
attachment.[213] On nanopatterned nanocomposites, the dead bacteria showed 
predominantly a significant loss of morphology, exhibiting the broad and 
elongated (Fig. 9D) morphology seen before on bactericidal natural or 
biomimetic topographies.[95, 96] But in this case, some bacteria exhibited in 
addition rough surface and cavities on their membrane (Fig. 9L) (Fig. 9F), which 
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are distinctive features of oxidative damage.[264, 267, 268] Thus, from the 
fluorescence and SEM images, a synergistic action of moth-eye mimetic 
topography and nanoparticles can be recognized. 
The bactericidal effect of polymer nanocomposites have been ascribed to the 
presence of nanoparticles, and the polymer has been considered as the non-
active part. 
 
Figure 9. Comparative SEM imaging of the bacteria-topography interaction of 
S.aureus, E.coli, and P.aeruginosa attached onto smooth PMMA nanocomposites and 
moth-eye mimetic nanopatterned nanocomposites. Scale bar 1 µm. 
 
In the case of ZnO containing materials, a myriad studies have investigated the 
basis of the antibacterial mechanisms involved including the generation of ROS, 
the release of zinc ions from ZnO and the penetration and disorganization of the 
bacterial membrane upon contact with ZnO nanoparticles.[269] However, the 
bactericidal mechanisms remain till today unclear and still under debate. 
Chapter 5 
141 
In order to get further insight into the dominant biocidal activity that possibly 
applies in the case of the ZnO patterned nanocomposites of the current study, 
control experiments were carried out. To exclude a possible bactericidal action 
from free NPs, release experiments of NPs from the nanocomposite surface to 
the aqueous media were performed. At the detection limit, no NPs were 
detected in both ZnO and TiO2 composite imprinted films. 
Free Zn2+ ions have been postulated to be toxic for bacteria because the 
interaction between Zn2+ ions and bacteria can destroy the membrane charge 
balance, leading to membrane deformation and ultimately bacteriolysis. 
Hereby, the concentration of Zn2+ ions dissolved from the ZnO composite 
imprinted films were determined by ICP-MS. The concentrations of Zn2+ ions 
released from ZnO films were less than 0,5 mg/L (Table 1). This concentration 
is indeed higher than expected, and possibly comes from partial dissolution of 
the NPs that are not fully covered by the polymer matrix in the composite. As 
noted by Joe et al.,[270] the solubility of ZnO increases in PBS buffer since the 
anionic components promote the dissolution. Nonetheless, this concentration is 
much lower than the concentration reported in previous works where the 
concentration above 1 mg/L in control experiment did not give rise to any 
inhibition effects.[231, 271, 272] Therefore, it is believed that there was no significant 
direct relationship between released Zn2+ and the antimicrobial activity of the 
ZnO nanocomposites. 
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Nanocomposite Zn2+ (mg/l) Ti4+ (mg/l) 
Control 0.01 0 
Moth eye ZnO 
nanocomposite 
0.5 0 
Moth eye TiO2 
nanocomposite 
0.01 0.01 
 
Table 1. Concentration of metal ions released by ZnO and TiO2 in PBS. 
  
Next, the bactericidal effect due to production of ROS in the dark was examined. 
Since several authors have demonstrated the production of ROS by ZnO 
materials in light conditions. Prasanna et al.,[273] have put forward the 
mechanism for ROS generation in the dark. The authors proposed that oxygen 
present reacts with an electron from the ZnO surface to form a superoxide 
anion radical (•O2
−). A superoxide in water solvates to form a hydroperoxyl 
radical (•HO2), and the latter can recombine to form H2O2. H2O2 can react with a 
superoxide anion radical to form a hydroxyl radical (•OH) and a hydroxyl ion 
(OH−). However they indicated that the generation of singlet oxygen (1O2). is not 
possible in the dark.[273] 
As such, hydrogen peroxide (H2O2) and hydroxyl radicals (
•OH) would be the 
reactive species responsible primarily for the antimicrobial activity of ZnO.  
 
Hence, the production of hydroxyl radicals (•OH) in the dark by the ZnO moth-
eye patterned nanocomposites was investigated through fluorescence 
spectroscopy. Figure 10 shows the emission spectra the hydroxyl terephtalic 
acid formed in the dark. It can be noted that the fluorescence emission 
increased in small amount but sufficient for detection upon exposure of the films 
over a period of 7h. Plotting the hydroxyl terephtalic generation kinetics in 
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Figure 10C, it can be seen that the emission intensity increased linearly, 
indicating that hydroxyl radicals are produced with time.  
 
Figure 10. Detection of ZnO-Moth eye nanocomposites ROS production in dark 
conditions. Fluorescent spectra of terephtalic acid in the absence (A) and in the 
presence of ZnO Moth eye nanocomposites (B). Fluorescent intensity of hydroxyl 
terephtalic acid at 425 nm (C) 
 
As mentioned above, TiO2 nanocomposites exerted a bactericidal activity only 
under UV light exposure through the generation of ROS. As reported before,[264, 
266] TiO2-polymer composites induce lipid oxidation increasing the membrane 
fluidity and disruption leading to bacterial death. In the present work, it was 
found that with only a small amount of TiO2 NPs and 2 min UV exposure, the 
patterned TiO2 nanocomposites provoked an intensive bactericidal action. 
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The bactericidal effect of natural and biomimetic surfaces such as cicada 
wing,[95] dragonfly wing,[96] or gecko skin[99] has been ascribed to mechanical 
rupture of the bacteria membrane by the nanocone topography as a result of 
the stretching force exerted onto the membrane of bacteria pursuing a stable 
attachment. 
Hence, as a hypothetical bactericidal mechanism for the moth-eye patterned 
nanocomposites, it can be postulated that when bacteria attach to these 
surfaces suffer local stresses due to membrane deformation. And this 
mechanical local stress produced, increases the susceptibility of the membrane 
to oxidative damage.  
Within this hypothetical context, it can be asserted that the nanopatterned 
nanocomposites produce a collaborative bactericidal effect, in which the 
polymer topography plays an active role by compromising the bacterial 
membrane aiding to the bactericidal action of nanoparticles.  
 
4.4. Cellular toxicity of moth-eye patterned ZnO-nanocomposite 
An important requirement for antibacterial materials for use in the biomedical 
field is to be cytocompatible and additionally, promote the host tissue 
integration. Hence, antibacterial materials should inhibit the bacterial growth 
without impacting the viability and growth of eukaryotic cells.[274] Alongside with 
the bactericidal activity, the cytotoxicity towards HaCaT cells of the patterned 
nanocomposites was assayed. Keratinocytes constitute 90% of the epidermis 
layer and their proliferation and spread as well as their sensitivity to direct 
contact with surfaces,[108, 196] make these cells good models to test 
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cytocompatibility. HaCat cells have been employed before to test the 
biocompatibility of films[275] and scaffolds.[209, 210]  
The attachment and proliferation of HaCaT cell was investigated on of the moth-
eye patterned ZnO-nanocomposite surfaces. For this, the cells´ proliferation 
was monitored during 15 days on smooth and patterned nanocomposites using 
as controls the smooth and patterned neat PMMA together with polystyrene 
because of its extensive use for in vitro cell culture. The cell growth profile 
obtained is depicted in Figure 11A, exhibited a typical cell proliferation curve in 
which cells entered in the log phase on the 9th day and reached the maximum 
growth level at the 13th day. The cells´ morphology was analyzed from 
fluorescence images. For this, cells were collected and labeled fluorescent on 
the 10th and 13th days of growth. Figure 11B shows the results. As can it be 
appreciated, cells on the 10th day appear forming small colonies typical of the 
HaCaT cell line, and in the 13th day, it can be observed that cells have reached 
a confluent state in which the substrates appear completely covered by 
keratinocytes. Calculation of the cell spread area revealed no obvious 
differences in spreading for any of the substrates as plotted in Figure 11C. Thus, 
it appears reasonable to assert that there is no toxic influence derived from 
nanoparticles or topography on keratinocytes and as such, the nanopatterned 
ZnO-nanocomposites should be suitable to support cell development. 
Hence, the moth eye patterned ZnO-nanocomposite appears to be a promising 
bactericidal material without cytotoxic effects, which can potentially facilitate the 
host-tissue integration process of implantable devices or re-absorbable 
scaffolds for tissue regeneration. 
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Figure 11. Biocompatible properties of moth-eye nanocomposite topography. HaCaT 
proliferation profile on polysterene, smooth PMMA and Moth-eye mimetic 
nanopatterned nanocomposites (A). Comparison of cellular morphology of HaCaT cells 
seeded on smooth PMMA and Moth-eye Inspired Topography and smooth and Moth-
eye mimetic nanopatterned ZnO nanocomposites. Cell spreading Error bars represent 
standard deviation(B).Fluorescence Imaging of HaCaT cells after 10th and 13th day of 
incubation on smooth PMMA, Moth-eye mimetic topography and smooth PMMA and 
Moth-eye mimetic nanopatterned ZnO nanocomposites. Scale bar 50 µm 
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5. Conclusion 
The development of a new class of bactericidal material based on bioinspired 
nanopatterned nanocomposites fabricated in one step by a new and practical 
nanoimprinting process has been presented. The moth-eye patterned 
nanocomposites demonstrated to be highly efficient bactericidal materials 
against Gram positive and Gram negative bacteria. The enhanced bactericidal 
action derived from the synergistic action of mechanical stretching induced by 
moth-eye nanotopography and the oxidative stress from ROS active ZnO and 
TiO2 nanoparticles.  
The nanopatterned ZnO-PMMA nanocomposites showed in addition good 
cytocompatibility, with no significant effect on keratinocytes proliferation or 
morphology.  
Thus, this study presents an industry-relevant, scalable technology that may 
power a new trend for safer-by-design bactericidal products with minimized 
risks to the environment and human health and with wide potential fields of 
application not only to the biomedical field but also to consumer care, food 
packing, furnishing or construction industries. 
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Conclusions 
This thesis presented examples of micro and nano polymer topographies as 
effective tools for bacterial and stem cell manipulation. For the fabrication of 
well-defined micro and nanotopographies advanced nanofabrication techniques 
were employed largely based on nanoimprinting. This technique provides sub-
100 nm resolution with high control of the geometrical and dimensional 
parameters of the topographical features. Among the nanofabrication 
techniques, nanoimprinting replication is the most suitable technique providing 
both high resolution and high throughput polymer nanopatterning. This enables 
to fabricate at low cost a large number of devices for systematic biological 
studies of bacterial and cellular behaviors. Moreover, nanoimprinting offers 
great material processing versatility which allowed for a new processing method 
to create nanoimprinted nanocomposites surfaces with enhanced bactericidal 
efficiency. 
The results obtained in this thesis lead to the following conclusions: 
- Nanoimprinting is a highly practical technique for high throughput and 
high reproducibility of functional polymer topographies for systematic 
studies of cell-topography interactions. 
 
- High-aspect-ratio micro and nanopillared topographies fabricated by 
nanoimprinting are effective tools for in vitro cell function manipulation to 
probe cellular and nuclear mechanics without the influence of the 
underlying substrate. HAR polymer topographies can be used to control 
cellular proliferation, as well as to determine cell morphology and 
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migration. Moreover HAR micro and nanopillared topographies can be 
useful tools to study the influence of cell confinement on nuclear 
mechanics. 
- Topographies with size smaller than that of bacteria cells such as the 
moth-eye mimetic topography are effective bactericidal surfaces against 
Gram positive and Gram negative bacteria. The bactericidal effect arises 
from the interaction and adhesion of bacteria to the nanocone like 
surface resulting on the stretching of the bacterial membrane that 
eventually leads to the mechanical rupture, release of the intracellular 
content and bacteria death. Conversely, the moth eye mimetic polymer 
topography appeared biocompatible towards eukaryotic cells as 
supported the attachment and proliferation of human keratinocytes. 
Hence, the moth-eye mimetic topography offers a new bactericidal 
alternative to antibiotics without causing bacterial resistance while exhibit 
good properties for host tissue integration. Accordingly, the technology is 
well poised to be utilized in medical implants. 
 
- Additional functionalities derived by the nature of the nano-fillers 
employed can be obtained by nanoimprinting on nanocomposites. The 
incorporation of TiO2 and ZnO nanoparticles onto the moth eye mimetic 
topography significantly improved the bactericidal properties of the 
surfaces by a synergistic effect of the moth-eye topography and the 
photocatalytic nanoparticles, increasing the bactericidal effectiveness up 
to 90%. At the same time, the moth eye mimetic nanopatterned 
nanocomposites remained biocompatible towards human keratinocytes. 
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Hence, bioinspired nanopatterned nanocomposites emerge as a 
promising technology that provides enhanced synergistic properties with 
extensive applicability in the biomedical field, food packaging or 
construction. 
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Conclusiones 
En esta tesis, se presentan diferentes ejemplos de micro y nanotopografías 
poliméricas como herramientas para una manipulación eficaz de las funciones 
biológicas de células madre y bacterias. La fabricación de micro y 
nanotopografías con estructuras bien definidas requiere el uso de técnicas 
avanzadas de nanofabricación, que proporcionan un resolución nanométrica y 
alto control sobre la geometría y dimensiones de los elemento topográficos. De 
entre todas las técnicas disponibles, la nanoimpresión es la única técnica de 
alta resolución que permite la fabricación de superficies poliméricas micro y 
nanoestructuradas a bajo coste. Además, en esta tesis la técnica de 
nanoimpresión ha sido utilizada para desarrollar un nuevo método de 
fabricación de nanocompuestos nanoestructurados, consiguiendo nuevos 
materiales multifuncionales. 
Los resultados presentados en esta tesis llevan a las siguientes conclusiones: 
- La técnica de nanoimpresión permite la fabricación de superficies 
poliméricas nanoestructuradas reproducibles, para un estudio 
sistemático de la interacción célula-superficie. 
 
- Las superficies poliméricas con micro y nanopilares de alta relación de 
aspecto son herramientas eficaces para la manipulación in vitro de la 
respuesta nuclear y celular. Estas superficies pueden ser usadas para el 
control de la proliferación celular, morfología o migración, así como para 
estudiar la influencia del confinamiento celular sobre el núcleo celular.  
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- Topografías con un dimensiones inferiores a las de una bacteria, como 
es el caso de la topografía inspirada en el ojo de la polilla, son 
superficies bactericidas eficaces contra bacterias Gram positivas y Gram 
negativas. Su poder bactericida deriva de la interacción de los 
nanoconos de la superficie con la bacteria cuando esta se adhiere. Esta 
interacción produce un estrés mecánico sobre la pared bacteriana que 
provoca la rotura de esta, la liberación del contenido intracelular y la 
muerte bacteriana. Las propiedades biocompatibles de esta superficie 
polimérica inspirada en el ojo de la polilla han quedado demostradas 
mediante el estudio de la proliferación de queratinocitos. Estas 
superficies aparecen como una alternativa interesante para su uso como 
materiales antibacterianos para la fabricación de implantes médicos.  
 
- La nanoimpresión se ha presentado como un nuevo método para la 
fabricación de nanocompuestos nanoestructurados para obtener nuevos 
materiales multifuncionales. La inclusión de nanopartículas de TiO2 y 
ZnO dentro de las nanoestructuras del ojo de la polilla aumentan el 
potencial bactericida de estas superficies debido a la acción sinérgica de 
la topografía y las nanopartículas que aumentan el porcentaje de muerte 
bacteriana hasta el 90%. Por otra parte, se ha demostrado que estos 
materiales mantienen su biocompatibilidad mediante el estudio de la 
proliferación y morfología de los queratinocitos. Estos nanocompuestos 
nanoestructurados aparecen como interesantes alternativas para su uso 
como materiales antibacterianos con aplicación en gran variedad de 
industrias como la biomédica, en construcción o envasado.  
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